Quantum Computing 



T. D. Ladd, 1 F. Jelezko, 2 R. Laflamme, 3 ' 4 Y. Nakamura, 5 ' 6 C. Monroe/ and J. L. O'Brien 8 

1 Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305-4088, USA 
2 Physikalisches Institut, Universitdt Stuttgart, Pfaffenwaldring 57, D-70550, Germany 

3 Institute for Quantum Computing and Department of Physics and Astronomy, 
University of Waterloo, 200 University Avenue West, Waterloo, ON, N2L 3G1, Canada 
^Perimeter Institute, 31 Caroline Street North, Waterloo, ON, N2L 2Y5, Canada 
5 Nano Electronics Research Laboratories, NEC Corporation, Tsukuba, Ibaraki 305-8501, Japan 
6 Frontier Research System, The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan 
7 Joint Quantum Institute, University of Maryland Department of Physics 
and National Institute of Standards and Technology, College Park, MD 20742, USA 
8 Centre for Quantum Photonics, H. H. Wills Physics Laboratory & Department of Electrical and Electronic Engineering, 
University of Bristol, Merchant Venturers Building, Woodland Road, Bristol, BS8 1UB, UK 

(Dated: June 15, 2009) 

Quantum mechanics — the theory describing the fundamental workings of nature — is famously 
counterintuitive: it predicts that a particle can be in two places at the same time, and that two re- 
O | mote particles can be inextricably and instantaneously linked. These predictions have been the topic 

of intense metaphysical debate ever since the theory's inception early last century. However, supreme 
XS*± predictive power combined with direct experimental observation of some of these unusual phenom- 

ena leave little doubt as to its fundamental correctness. In fact, without quantum mechanics we could 
not explain the workings of a laser, nor indeed how a fridge magnet operates. Over the last several 
decades quantum information science has emerged to seek answers to the question: can we gain some 
advantage by storing, transmitting and processing information encoded in systems that exhibit these 
unique quantum properties? Today it is understood that the answer is yes. Many research groups 
O j around the world are working towards one of the most ambitious goals humankind has ever em- 

barked upon: a quantum computer that promises to exponentially improve computational power for 
particular tasks. A number of physical systems, spanning much of modern physics, are being devel- 
oped for this task — ranging from single particles of light to superconducting circuits — and it is not 
yet clear which, if any, will ultimately prove successful. Here we describe the latest developments for 
each of the leading approaches and explain what the major challenges are for the future. 
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I. INTRODUCTION 

One of the most bizarre and fascinating predictions of 
^| the theory of quantum mechanics is that the information 
* processing capability of the universe is much larger than it 
^ seems. As the theory goes, a collection of quantum objects 
<— } inside a closed box will in general proceed to do everything 
^— H they are physically capable of, all at the same time. This 
k* closed system is described by a "wave function", which for 
. £h more than a few particles is an incredibly large mathemati- 
cal entity describing states of matter and energy far beyond 
S-h experience and intuition. The wave function, however, is 
^ only maintained until the box is opened and the system 
"collapses" randomly into one particular "classical" out- 
come. Erwin Schrodinger attempted to reduce these notions 
to absurdity by connecting the known quantum behavior of 
an atomic nucleus to a cat in a box that becomes simultane- 
ously alive and dead before the box is opened. Schrodinger 
intended for the difficulty of imagining a cat in a "superpo- 
sition" of alive and dead to make us question whether this 
quantum theory could possibly be correct. 

And yet, nearly a century later, quantum theory has yet 
to fail in predicting an experiment. Although observing an 
actual "alive and dead" cat is still beyond experimental ca- 
pabilities, a number of useful technologies have arisen from 
the counterintuitive quantum world. The quantum com- 
puter, a device which uses the full complexity of a many- 



particle wavefunction to solve a computational problem, 
may soon be one of these technologies. 

The nature and purpose of quantum computation are of- 
ten misunderstood. The context for the development of 
quantum computers may be clarified by comparison to a 
more familiar quantum technology: the laser. Before the 
invention of the laser we had the sun, and fire, and the 
lantern, and then the lightbulb. Despite these advances in 
making light, until the laser this light was always "incoher- 
ent", meaning that the many electromagnetic waves gener- 
ated by the source were emitted at completely random times 
with respect to each other. One possibility allowed by quan- 
tum mechanics, however, is for these waves to be generated 
in phase, and by engineering and ingenuity methods were 
discovered for doing so, and hence came about the laser. 
But lasers do not replace light bulbs for most applications; 
instead, they produce a different kind of light — coherent 
light — which is useful for thousands of applications from 
eye surgery to cat toys, most of which were unimagined by 
the first laser physicists. 

Likewise, a quantum computer will not necessarily be 
faster, bigger, or smaller than an ordinary computer. Rather, 
it will be a different kind of computer, engineered to control 
coherent quantum mechanical waves for different applica- 
tions. The result will be a "closed box", designed to simul- 
taneously perform everything it is physically capable of, all 
at once, with all of those possibilities focused toward a com- 
putational problem whose solution will be observable after 
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the box is opened. 

So what will be in the box, and what will it be able to do? 
Both questions are currently subjects of ongoing research. 
The first question will be addressed in ensuing sections; the 
second is worthy of a review of comparable size, and inter- 
ested readers are advised to see Ref . 1 For now, we provide 
only a brief synopsis of quantum computer "software". 

One example of a task for a quantum computer is the 
quantum fourier transform, which continues the exponen- 
tial increase in computational efficiency begun by the fast 
fourier transform 2 . This subroutine is at the core of Pe- 
ter Shor's seminal quantum algorithm for factoring large 
numbers 3 , which is one among several quantum algorithms 
that would allow modestly sized quantum computers to 
outperform the largest classical supercomputers in solving 
the specific problems required for decrypting encoded in- 
formation. Although these algorithms have done much to 
spur the development of quantum computers, another ap- 
plication is likely to be far more important in the long term. 
This application is the first envisioned for quantum com- 
puters, by Richard Feynman in the early 1980s 4 : the effi- 
cient simulation of that large quantum universe underlying 
all matter. Such simulations may seem to lie in the esoteric 
domain of research physics, but these same quantum laws 
govern the behavior of the many emerging forms of nan- 
otechnology, including nature's nanomachinery of biologi- 
cal molecules. The engineering of the ultra-small will con- 
tinue to advance and change our world in coming decades, 
and as this happens we will likely use quantum computers 
to understand and engineer such technology at the atomic 
level. 

Quantum information research promises more than com- 
puters, as well. Similar technology allows quantum com- 
munication, which enables the sharing of secrets with secu- 
rity guaranteed by the laws of physics. It also allows quan- 
tum metrology, in which distance and time are measured 
with higher precision than would be possible otherwise. 
The full gamut of potential technologies have probably not 
yet been imagined, nor will it be until actual quantum in- 
formation hardware is available for future generations of 
quantum engineers. 

This brings us to the central question of this review: what 
form will quantum hardware take? Here there are no easy 
answers. Quantum computers are often imagined to be con- 
structed by controlling the smallest form of matter, isolated 
atoms, as in ion traps and optical lattices, but they may like- 
wise be made from electrical components far larger than 
routine electronic components, as in superconducting phase 
qubits, or even from a vial of liquid, as in Nuclear Magnetic 
Resonance (nmr). Of course it would be convenient if a 
quantum computer can be made out of the same material 
that current computers are made out of, i.e. silicon, but it 
may be that they will be made out of some other material 
entirely, such as InAs quantum dots or microchips made of 
diamond. 

In fact, very little ties together the different implementa- 
tions of quantum computers currently under consideration. 
We provide a few general statements about requirements in 
the next section, and then describe the diverse technological 



approaches for satisfying these requirements. 



II. REQUIREMENTS FOR QUANTUM COMPUTING 

Perhaps the most critical, universal aspect of the various 
implementations of quantum computers is the "closed box" 
requirement: a quantum computer's internal operation, 
while under the programmer's control, must otherwise be 
out of contact with the rest of the universe. Small amounts 
of information-exchange into and out of the box can dis- 
turb the fragile, quantum mechanical waves that the quan- 
tum computer depends on, causing the quantum mechani- 
cally destructive process known as decoherence, discussed 
further in Sec. [Till Unfortunately no system is fully free of 
decoherence, but a critical development in quantum com- 
puter theory is the ability to correct for small amounts of 
it through various techniques under the name of Quantum 
Error Correction (QEC). In QEC, entropy introduced from 
the outside world is flushed from the computer through the 
discrete processes of measuring and re-initializing qubits, 
much as digital information today protects against the noise 
sources problematic to analog technology. Of course, the 
correction of errors may be useless if the act of correcting 
them creates more errors. The ability to correct errors us- 
ing error-prone resources is called fault-tolerance 5 . Fault- 
tolerance has been shown to be theoretically possible for er- 
ror rates beneath a critical threshold that depends on the 
computer hardware, the sources of error, and the protocols 
used for QEC. Realistically, most of the resources a fault- 
tolerant quantum computer will use will be in place to cor- 
rect its own errors. If computational resources are uncon- 
strained, the fault-tolerant threshold can be as high as 3°/M 

An early characterization of the physical requirements for 
an implementation of a fault-tolerant quantum computer 
was carried out by David DiVincenzo 7 . However, since that 
time the ideas for implementing quantum computing have 
diversified, and the DiVincenzo criteria as originally stated 
are difficult to apply to many emerging concepts. Here, we 
rephrase DiVincenzo's original considerations into three, 
more abstract criteria, and in so doing introduce a number 
of critical concepts common to most quantum technologies. 

1. Scalability: the computer must operate in a Hilbert 
space whose dimensions may be grown exponentially 
without an exponential cost in resources (such as time, 
space or energy. 

The standard way to achieve this follows the first Di- 
Vincenzo criterion: one may simply add well-characterized 
qubits to a system. A qubit is a quantum system with two 
states, |0) and such as a quantum spin with S — 1/2. 
The logic space available on a quantum system of N qubits 
is described by a very large group [known as SU(2 N )], 
which is much larger than the comparable group [SU(2)® N ] 
for N unentangled spins or for N classical bits. Ultimately, 
it is this large space that provides a quantum computer its 
power. For qubits, the size and energy of a quantum com- 
puter generally grows linearly with N. 
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Although qubits are a convenient way to envision a quan- 
tum computer, they are not a prerequisite. One could use 
quantum d-state systems (qudits) instead, or even the con- 
tinuous degrees of freedom available in laser-light. In all 
cases, however, an exponentially large space of accessible 
quantum states must be available. 

In principle, there is an exponentially large Hilbert space 
in the bound states a single hydrogen atom, a system which 
is clearly bounded by the Rydberg energy of 13.6 eV and 
consists of only two particles! However, the states of a 
hydrogen atom in any realistic experiment have a finite 
width due to decoherence, limiting the useful Hilbert space 
(for which DiVincenzo introduced his third criterion; see 
Sec.|III). Further, access to an exponentially large set of a hy- 
drogen atom's states comes at the exponentially large cost in 
the size of that atom and the time required to excite it to any 
arbitrary stated 

While it is straightforward to see why a single-atom 
quantum computer is "unscalable", declaring a technology 
"scalable" is a tricky business, since the resources used to 
define and control a qubit are diverse. They may include 
space on a microchip, classical microwave electronics, 
dedicated lasers, cryogenic refrigerators, etc. For a system 
to be scalable, these "classical" resources must be made 
scalable as well, which tie into complex engineering issues 
and the infrastructure available for large-scale technologies. 

2. Universal Logic: the large Hilbert space must be acces- 
sible using a finite set of control operations; the resources 
for this set must also not grow exponentially. 

In the most standard picture of computing, this criterion 
(DiVincenzo's fourth) means that a system must have avail- 
able a universal set of quantum logic gates. In the case of 
qubits, it is sufficient to have available any "analog" single- 
qubit gate (e.g. an arbitrary rotation of a spin-qubit), and 
almost any "digital" two-qubit logic operation, such as the 
controlled-NOT gate. 

But quantum computers need not be made with gates. 
In adiabatic quantum computation^, one defines the answer 
to a computational problem as the ground state of a com- 
plex network of interactions between qubits, and then one 
adiabatically evolves those qubits into that ground state 
by slowly turning on the interactions. In this case, eval- 
uation of this second criterion requires that one must ask 
whether the available set of interactions is complex enough, 
how long it takes to turn on those interactions, and how 
cold the system must be maintained. As another example, 
in cluster-state quantum computation^, one particular quan- 
tum state (the cluster state) is generated in the computer 
through a very small set of non-universal quantum gates, 
and then computation is performed by changing the way in 
which the resulting wave function is measured. Here, the 
measurements provide the "analog" component that com- 
pletes the universal logic. Adiabatic and cluster-state quan- 
tum computers are provably equivalent in power to gate- 
based quantum computers 11 , but their implementation may 
be simpler for some technologies. 

One theoretical issue in the design of fault-tolerant quan- 
tum computers is that for most QEC protocols, "digital" 



quantum gates (or, more precisely, those in the Clifford 
group) are relatively easy to perform fault-tolerantly on en- 
coded qubits, while the "analog" (non-Clifford) quantum 
gates are substantially more challenging. In other protocols, 
the analog gates may become easy, and then the digital ones 
become difficult. The modern design of fault-tolerant proto- 
cols centers around maintaining universality and balancing 
the difficulties between the two types of operations. 

No matter what scheme is used, however, QEC funda- 
mentally requires the third abstract criterion: 

3. Correctability: It must be possible to extract the en- 
tropy of the computer to maintain the computer's quan- 
tum state. 

Regardless of QEC protocol, this will require some com- 
bination of efficient initialization (DiVincenzo's second crite- 
rion) and measurement (DiVincenzo's fifth criterion). Initial- 
ization refers to the ability to quickly cool a quantum system 
into a low-entropy state; for example, the polarization of a 
spin into its ground state. Measurement refers to the abil- 
ity to quickly determine the state of a quantum system with 
the accuracy allowed by quantum mechanics. It is possible 
that these two abilities are the same. For example, a quan- 
tum non-demolition (QND) measurement alters the quantum 
state by projecting to the measured state, which remains the 
same even after repeated measurements. Clearly, perform- 
ing a QND measurement also initializes the quantum system 
into the state measured. Some QND measurements also al- 
low quantum logic; they are therefore quite powerful for 
quantum computing. The relationship between the need 
for initialization and measurement is complex; depending 
on the scheme used for fault-tolerance, one may generally 
be replaced by the other. Of course, some form of mea- 
surement is always needed to read out the state of the com- 
puter at the end of a computation. Notably, the amount of 
required physical initialization is not obvious, as schemes 
have been developed to quantum compute with states of 
high entropy^. 

Quantum computation is difficult because the three basic 
criteria we have discussed appear to be conflicted. For ex- 
ample, those parts of the system in place to achieve rapid 
measurement must be turned strongly "on" for error cor- 
rection and read-out, but must be turned strongly "off" to 
preserve the coherences in the large Hilbert space. Gener- 
ally, neither the "on" state nor the "off" state are as difficult 
to implement as the ability to switch between the two! 

DiVincenzo introduced extra criteria related to the abil- 
ity to communicate quantum information between distant 
qubits, for example by converting stationary qubits to "fly- 
ing qubits" such as photons. This ability is important for 
other applications of quantum processors such as quantum 
repeaters 13 , but the ability to add non-local quantum com- 
munication also substantially aids the scalability of a quan- 
tum computer technology. Quantum communication al- 
lows small quantum computers to be "wired together" to 
make larger ones, it allows specialized measurement hard- 
ware to be located distant from sensitive quantum mem- 
ories, and it makes it easier to achieve the strong qubit- 
connectivity required by most schemes for fault-tolerance. 
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Evaluating the resources required to make a quantum 
technology truly scalable is an emerging field of quantum 
computer research, known as quantum computer architec- 
ture. Successful development of quantum computers will 
require not only further hardware development, but also 
the continued theoretical development of algorithms and 
QEC, and the architecture connections between the theory 
and the hardware. These efforts strive to find ways to main- 
tain the simultaneous abilities to control quantum systems, 
to measure them, and to preserve their strong isolation from 
uncontrolled parts of their environment. The simultane- 
ity of these aspects forms the central challenge in actually 
building quantum computers, and in the ensuing sections, 
we introduce the various technologies researchers are cur- 
rently employing to solve this challenge. 

III. QUANTIFYING NOISE IN QUANTUM SYSTEMS 

A key challenge in quantum computation is handling 
noise. For a single qubit, noise processes lead to two types 
of relaxation. First, the energy of a qubit may be changed by 
its environment in a random way which, on-average, brings 
the qubit to thermal equilibrium with its environment. The 
timescale for this equilibration is T\ . Typically, systems used 
for qubits have long Tj timescales, which means that T\ can 
usually be ignored as a computation error. However, in 
many experimental systems, T\ sets the timescale for ini- 
tialization. 

More dangerous for quantum computing are processes 
which randomly change the phase of a qubit; i.e. pro- 
cesses that scatter a superposition such as |0) + |l) into 
|0) + exp(i(p) 1 1), for an unknown value of <p. This is known 
as decoherence, and the timescale for phase randomization 
by decoherence is called T2. The processes leading to T\ also 
contribute to T2, resulting in T2 being upper bounded by 
2T\. But T2 processes cost no energy, and as a result may be 
much more frequent than Tj processes. 

In studying noise, one must average over a large ensem- 
ble of measurements. It is frequently the case that in this 
ensemble of measurements, the energy of a qubit is slightly 
different in each measurement. As a result, superpositions 
again develop unknown phases, and as a result effects ap- 
pear which resemble those contributing to T2. This pro- 
cess is known as dephasing, and it occurs on a timescale 
T| < T2. However, the phase evolution that contributes to 



T| is constant for each member of the ensemble, and may 
therefore be reversed. The standard method for doing so is 
known as the spin-echo, following the NMR technique de- 
veloped in 195C 14 . By unconditionally flipping the state of 
a qubit after a time t, and then allowing evolution for an- 
other time t, any static phase evolution is reversed, leading 
to an apparent "rephasing." Through spin-echo techniques, 
the effects of decoherence (T2) can be distinguished from 
those of dephasing (T|). 

The value of T2 is used as an initial characterization of 
many qubits, since, at a bare minimum, qubits need to be 
operated much faster than T2 to allow fault-tolerant quan- 
tum computation. This is the third DiVincenzo criterion. 
However, T2 is not the timescale in which an entire compu- 
tation takes place, since QEC may correct for phase errors. 
Also, the measured values of T2 are not fundamental to a 
material and a technology. Generally, T2 can be extended 
by a variety of means, such as defining qubits with decoher- 
ence free subspaces^ which are less sensitive to noise; apply- 
ing dynamic decoupling technique s) 16 " 21 ', such as the spin-echo 
itself, to periodically reverse the effects of environmental 
noise; or simply improving those aspects of the apparatus or 
material that leads to the T2 noise process in the first place. 

Other noise processes exist besides T\ and T2 relax- 
ation. Large-dimensional systems, such as multiple- 
coupled qubits, may be hurt by noise processes distinct 
from single-qubit T\ and T2 processes. Also, some qubits 
suffer noise processes that effectively remove the qubit from 
the computer, such as loss of a photon in a photonic com- 
puter or the scattering of an atom into a state other than a 
qubit state. These processes may also be handled by error 
correction techniques. 

In practice, once relaxation times are long enough to al- 
low fault-tolerant operation, imperfections in the coherent 
control of qubits are more likely to limit a computer's per- 
formance. As devices are scaled up to a dozen of qubits, 
the use of state and process tomography, useful to fully un- 
derstand the evolution of very small quantum systems, be- 
comes impractical. For this reason, protocols that assess the 
quality of control in larger quantum processors have been 
developed. These enable a characterisation of gate fidelity 
that can be used to benchmark various technologies. 

The table below gives measured T2 decoherence times 
and the results of one-qubit and multi-qubit benchmarking 
or tomography for several technologies. 
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Table comparing the current per- 
formance of various matter qubits. 
The approximate resonant fre- 
quency of each qubit is listed as 
to /2n; this is not necessarily the 
speed of operation, but sets a limit 
for defining the phase of a single 
qubit. Therefore, Q = cv T 2 is a 
very rough quality factor. Bench- 
marking values show approximate 
error rates for single or multi-qubit 
gates. Values marked with * are 
found by state tomography, and 
give the departure of the fidelity 
from 100%. Values marked with t 
are found with randomized bench- 
marking. Other values are rough 
experimental gate error estimates. 



IV. CAVITY QUANTUM ELECTRODYNAMICS 

Many concepts for scalable quantum computer architec- 
tures involve wiring distant qubits via communication us- 
ing the electromagnetic field, e.g. infrared photons in fiber- 
optic waveguides or microwave photons in superconduct- 
ing transmission lines. Unfortunately the interaction be- 
tween a single qubit and the electromagnetic field is gen- 
erally very weak. For applications such as measurement, 
in which quantum coherence is deliberately discarded, us- 
ing more and more photons in the electromagnetic field can 
sometimes be enough. However, photons easily get lost 
into the environment, which causes decoherence, and this 
happens more quickly with stronger fields. Coherent oper- 
ation requires coupling qubits to weak, single-photon fields 
with very low optical loss. Such coupling becomes available 
when discrete, atom-like systems are placed between mir- 
rors that form a high-quality cavity, introducing the physics 
known as cavity quantum electrodynamics (cQEDp^l Cav- 
ity QED has been an important topic of fundamental re- 
search for many years 47 50 , and was employed for one of 
the earliest proposals for quantum computing 5 -!!. 

A cavity enables quantum information processes for sev- 
eral reasons. First, one may imagine that a photon in a cav- 
ity bounces between its mirrors a large number of times be- 
fore leaking out; this number is called the quality factor Q. If 
Q is high, one single photon may interact Q times with a sin- 
gle atom, and if each interaction accomplishes a weak, QND 
measurement (see Sec.jllJ), then the measurement strength is 
enhanced by Q. 

But a cavity does more than this. It also confines the 
electromagnetic field into a small volume. One manifesta- 
tion of this is evident in the spontaneous emission of atoms. 
Spontaneous emission can be considered as the simultane- 
ous coupling of an atom to an infinite continuum of modes 
of the electromagnetic field. A cavity makes the coupling 
to one particular mode — the cavity mode — substantially 
stronger than other, free space modes. This mode is emit- 
ted from the cavity at a rate k = coq/Q, where cog is the 



resonant frequency of the cavity. The coupling of the atom 
to the cavity mode, g, is proportional to y/f/V. Here / is 
the oscillator strength of the atom, a measure of its general 
coupling to electromagnetic fields irrespective of the cavity, 
which depends on details such as the size and resonant fre- 
quency of the atom. The mode-volume of the cavity, V, is 
a critical parameter to minimize for strong interactions. If 
the energy levels of the atom are matched to the cavity pho- 
ton energy ticoQ, the rate at which the combined atom / cavity 
system emits photons is approximately 4g 2 /K. It is possible 
for this rate to be much larger than the rate of emission into 
non-cavity modes, 7, leading to a very large resonant Purcell 
factor: 

Purcell factor = ^ = ( A ) §, (1) 

kj '*7i z \n J V 

where A/ n is the wavelength of the emitted photons in the 
material of refractive index n. A large Purcell factor roughly 
means that when an atom emits a photon, it is very likely 
that the emitted photon enters the cavity mode. This cav- 
ity mode may then be well coupled to a waveguide, which 
strongly directs that photon to an engineered destination. 
This parameter is critical for a large variety of proposals us- 
ing cQED, even those not involving Purcell-enhanced spon- 
taneous emission of the atom. The Purcell factor for a res- 
onant atom/ cavity system is also known as the cooper u- 
tivity factor, and its inverse is known as the critical atom 
number 47 , i.e. the number of atoms in a cavity needed to 
have a profound effect on its optical characteristics. 

Large Purcell factors are generally observed in cavities 
in the weak or intermediate coupling regime, also known as 
the bad cavity limit, in which k > g. This regime is use- 
ful for applications such as single photon sources, in which 
the cavity increases the speed, coherence, and directional- 
ity of emitted photons. It is also the appropriate regime for 
schemes in which distant qubits are probabilistically entan- 
gled by heralded photon scatteringS2EH(as opposed to pho- 
ton absorption/ emission 5 ^). However, a variety of schemes 
are enabled by the strong coupling limit, in which g> k, 7, 
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meaning that energy oscillates between the atom and the 
cavity field many times before it leaks away as cavity loss 
or emission into non-cavity modes. The number x/g is 
known as the critical photon number, i.e. the number of 
photons needed in the cavity to strongly affect the atom®. 
In the strong-coupling regime, the atom-cavity system may 
be highly nonlinear, introducing remarkable possibilities for 
engineering states of the electromagnetic field and its entan- 
glement with atoms. 

Cavity QED impacts every physical proposal discussed 
in this review. Single photon sources enhanced by the 
Purcell effect may be critical for quantum computing with 
photons, and potentially scalable methods for logic be- 
tween photonic qubits may be mediated by a cQED sys- 
tem. Ions and atoms in distant traps as well as distant 
self-assembled quantum dots or nitrogen-vacancy centers 
may be entangled via cQED techniques. Purcell-enhanced 
emission may improve the measurement of electron and nu- 
clear spins, possibly even in the optically dark system of 
P:Si. One of the most striking recent developments in su- 
perconducting qubit systems is the coupling of these qubits 
to microwave cavities far into the strong coupling regime; 
much farther than any atomic system has been able to ob- 
tain. This regime is enabled in part by the large oscillator 
strengths of superconducting qubits, but more dramatically 
by the small cavity mode volumes V available from the 
combination of f(m-wide, lithographically fabricated one- 
dimensional superconducting waveguides with centimeter- 
scale wavelengths 57 . These developments have enabled re- 
searchers to revisit cQED techniques anew and test the rele- 
vant ideas for enabling photon-mediated quantum compu- 
tation. 



V. SINGLE PHOTONS 

Realizing a qubit as the polarization state of a photon 
(horizontal \H) = |0) and vertical |V) = 1 1 ) ) is appealing 
since photons are relatively free of the noise that plagues 
other quantum systems, and polarization rotations (equiv- 
alent to one qubit gates) can be easily done using "wave- 
plates" made of birefringent material (whose refractive in- 
dex is slightly different for the two polarizations}^. Pho- 
tons also admit encoding of quantum information in other 
degrees of freedom, including time-bin and path. Of course 
a potential drawback is the light-speed propagation of the 
qubit, although this is a tremendous advantage in distribut- 
ing quantum information. 

A major hurdle for quantum computing with photons 
is realising the interactions between two photons for two- 
qubit gates. Such interactions require a giant optical nonlin- 
earity stronger than that available in conventional nonlinear 
media, leading to the consideration of electromagnetically 
induced transparency (EIT^ and atom-cavity systems®. 
In 2001, a major breakthrough known as the KLM scheme 
showed that scalable quantum computing is possible using 
only single-photon sources and detectors, and linear opti- 
cal circuits 60 . It relied on quantum interference of photons 
at a beamsplitter (see Fig. [lh,b) to achieve nondeterministic 




FIG. 1: Quantum computing with photons, a, Two photons enter- 
ing a 50:50 beampslitter (50:50 BS) undergo quantum interference, 
b, The probability amplitudes for the two photons to be transmit- 
ted and reflected are indistinguishable and interfere, c, Intensity 
profile of a photon in a waveguide, d, Silica-on-silicon waveguide 
structure, e, An interferometer with controlled phase shift for sin- 
gle qubit operations and multi-photon entangled state manipula- 
tion. 



interactions. 

Although the KLM scheme was mathematically shown to 
be "in-principle" possible, initially few people believed it 
was a 'practical' approach, owing to the large resource over- 
head arising from the nondeterministic interactions and the 
difficulty of controlling photons moving at the speed of 
light. This situation has changed over the past five years®. 
Experimental proof-of-principle demonstrations of two- 
I 61 " 64 ! and three-qubit gates 65 , were followed by demonstra- 
tions of simple-error-correcting code d 66 " 68 ! and simple quan- 
tum algorithm d 69 ' 70 !. New theoretical schemes, which dra- 
matically reduced the considerable resource overhead 7 -^ 4 ! 
by applying the previously abstract ideas of measurement- 
based quantum compu ting^ , were soon followed by exper- 
imental demonstrations^ 5 -^ 6 -'. Today, research efforts are fo- 
cussed on quantum circuits that can be fabricated on the 
chip-scale^, high efficiency single photon detectors 78 and 
sources 79 , and devices that would enable a deterministic in- 
teraction between photons®. 

The photonic quantum circuits described above were con- 
structed from large-scale (em's) optical elements bolted to 
large optical tables. While suitable for proof-of-principle 
demonstrations, this approach will not lead to miniatur- 
ized and scalable circuits, and is also limited in perfor- 
mance due to imperfect alignment for quantum interference 
(Fig. [l^,b). Recently it has been demonstrated that waveg- 
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uiedes on chip (Fig. [l]:,d), which act much like optical fi- 
bres, can be used to implement these circuits 77 , and that in- 
tegrated phase shifters can be used for one-qubitgates and 
manipulating entangled states on-chip 80 (Fig. lie). Laser 
direct-write techniques are also being pursuedfor three- 
dimensional circuits 81 . Future challenges include develop- 
ing large-scale circuits with fast switching and integrating 
them with sources and detectors. 

Ideal single photon detectors have high efficiency, high 
counting rate, low noise, and can resolve the number of 
photons in a single pulsed Commercial silicon single pho- 
ton detectors (Si-APDs) have have a peak intrinsic efficiency 
of ~70% and (like photomultipliers) cannot discriminate be- 
tween one or more photons. However, work is being done 
to increase efficiency and achieve photon number resolu- 
tion with Si-APDs 82 83 , which offer room-temperature opera- 
tion and semiconductor integration. Semiconductor visible 
light photon counters (VLPCs) operate at cryogenic temper- 
atures, have photon number resolution and high efficiency, 
but generate a relatively large amount of noise 84 . Nano- 
wire superconducting single-photon detectors absorb a sin- 
gle photon to create a local resistive "hotspot", detected as 
a voltage pulse. The temperature change, and consequently 
the voltage change depends on the absorbed energy. As a 
result, the number of photons can be resolved. Low noise 
and high efficiency (95%) have been achieved for tungsten- 
based devices 85 86 , although they require cooling below the 
critical temperature of 100 mK and are relatively slow. Su- 
perconducting detectors based on nanostructured NbN are 
fast (100s MHz), low noise, sensitive from visible wave- 
lengths to far into the infrared, have achieved efficiencies 
of 67% and photon number resolution 87 89 . 

An ideal single photon source is triggered, frequency- 
bandwidth-limited, emits into a single spatio-temporal 
mode, and has high repetition rate. These exacting require- 
ments suggest the need for a single quantum system that 
emits photons upon transition from an excited to a ground 
state. (The excited and grounds states could themselves be 
used to encode a qubit, and in fact many of the qubits de- 
scribed in the following sections have been used to emit 
single photons.) Controlling the emission can most conve- 
niently be achieve d by coupling the system to a high-Q opti- 
cal cavity (see Sec. |IV| ; emission of single photons from sin- 
gle atoms has been demonstrated in this way^ 9 - 2 ! A techni- 
cal difficulty is holding the atom in the optical cavity, lead- 
ing to solid state "atom" approaches, such as quantum dots, 
and nitrogen vacancies (NVs) in diamond (see Sec. |Xl) 7 9 93 
embedded in semiconductor microcavities (see Sec. |lVp. A 
key challenge in these solid-state sources is to maintain the 
indistinguishability of the generated photons 94 , which is 
difficult in solid-state sources due to spectral jumps and 
other effects. An alternative approach is to use the non- 
linear optical materials currently used to emit pairs of pho- 
tons spontaneously: detection of one photon heralds the 
generation of the other, which can in principle be switched 
into an optical delay or multiplexed 9 -^. 

While the KLM and subsequent schemes circumvent the 
need for deterministic interactions between photons there 



are several schemes for such interactions involving atom- 
cavity systems 5 - 1 ^, which are similar to approaches to sin- 
gle photon sources (see Sec. |IV| . Pioneering work showed 
that atom-cavity systems can be used to implement an opti- 
cal nonlinearity between photons 48 . It has been shown that 
such an atom-cavity system is capable of implementing ar- 
bitrary deterministic interactions^ 7 -' 9 - 8 -!. 

The photonic approach to quantum computing remains a 
leading one. (Related approaches based on encoding quan- 
tum information in the continuous phase and amplitude 
variables of continuous-wave^ or mode-locked 100 laser 
beams offer some key advantages, but these are beyond the 
scope of this review.) Achieving scalability will depend on 
advancements in waveguides, single-photon sources, and 
detectors, but whatever the future holds for photonic quan- 
tum computing, it is clear that photons will continue to play 
a key role as an information carrier in quantum technolo- 
gies. 



VI. TRAPPED ATOMIC IONS 

The best time and frequency standards are based on 
isolated atomic systems, owing to the excellent coherence 
properties of certain energy levels within atoms 101 . Like- 
wise, trapped atoms are among the most reliable type 
of quantum bit. Trapped atom qubits can also be mea- 
sured with nearly 100% efficiency through the use of state- 
dependent fluorescence detectio n 102 ! 103 !. Current effort with 
atomic qubits concentrates on the linking of atoms in a con- 
trolled fashion for the generation of entanglement and the 
scaling to larger numbers of qubits. 

Trapped atomic ions are particularly attractive quan- 
tum computer architectures, because the individual charged 
atoms can be confined in free space to nanometer preci- 
sion, and nearby ions interact strongly through their mu- 
tual Coulomb repulsio n ^ 104 ! 105 ! A collection of atomic ions 
can be confined with appropriate electric fields from nearby 
electrodes, forming a 3-D harmonic confinement potential, 
as depicted in Fig. e] When the ions are laser cooled to near 
the center of the trap, the balance between the confinement 
and the Coulomb repulsion forms a stationary atomic crys- 
tal. The most typical geometry is a 1-D linear atomic crystal, 
where one dimension is made significantly weaker than the 
other twcPSS. In such a linear trap, the collective motion 
of the ion chain can be described accurately by quantized 
normal modes of harmonic oscillation, and these modes 
can couple the individual ions to form entangled states and 
quantum gates. 

Multiple trapped ion qubits can be entangled through a 
laser-induced coupling of the spins mediated by a collec- 
tive mode of motion in the trap. Laser interactions can be 
used to simply flip the state of the qubit, or more generally 
flip the state of the qubit while simultaneously changing the 
quantum state of collective motion. Such a coupling arises 
due to effective frequency modulation of a laser beam in the 
rest frame of the oscillating ion and the dipole force from the 
laser electric field gradient. We label the internal qubit states 
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These laser interactions entangle the trapped ion qubits, 
while the final quantum state of motion is unchanged from 
its initial condition. 

Extensions to this approach rely on optical spin- 
dependent forces that do not require individual optical 
addressing of the ions or the preparation of the ions 
a pure quantum state, and are thus favored in cur- 
rent experiments^ 5 -! There are also proposals to use ra- 
diofrequency magnetic field gradient*^] or ultrafast spin- 
dependent optical forces 110 that do not even require the ions 
to be localized to under an optical wavelength (the Lamb- 
Dicke limit). 



FIG. 2: Schematic of ion trap apparatus. Electric potentials are ap- 
plied to appropriate electrodes in order to confine a 1-D crystal 
of individual atomic ions. Lasers affect coherent spin-dependent 
forces to the ions that can entangle their internal qubit levels 
through their Coulomb-coupled motion. Resonant lasers can also 
cause spin-dependent flourescence for the efficient detection of the 
trapped ion qubit states. The inset shows a collection of atomic 
Ca + ions fluorescing (courtesy R. Blatt, University of Innsbruck). 



of ion i as | j) . and |4-) ., the quantum state of a Coulomb- 
coupled mode of collective motion (e.g., the center-of-mass 
mode) as |n) , where n is the harmonic vibrational index 
of motion of that particular mode. By driving ion i on a 
first order frequency-modulated sideband of the spin-flip 
transition, the ion system will undergo Rabi oscillations be- 
tween |4-)-|t) an d |t),-| w =t l) / where the plus sign de- 
notes the upper sideband and the minus demotes the lower 
sideband 1 ®. We assume that the sidebands are sufficiently 
resolved, or equivalently that the Rabi frequency of the tran- 
sition is small compared with the frequency of motion. 

The simplest realization of this interaction to form en- 
tangling quantum gates was first proposed 107 in 1995 and 
demonstrated in the laboratory later that year 108 . The Cirac- 
Zoller gate maps a qubit from the the internal levels within a 
single trapped ion to the external levels of harmonic motion, 
and similarly applies a laser interaction to affect a second 
trapped ion qubit conditioned upon the state of motion. The 
entangling action of the Cirac-Zoller gate can easily be seen 
by considering two successive laser pulses to the two ions 
in turn. We start with the ion pair in the state |4-)i|4-)2|0) 
through optical pumping of the qubits and laser cooling to 
the ground state of motion. The first laser pulse is tuned to 
drive on the first upper sideband of the first ion, for a du- 
ration that is half of the time required to completely flip the 
spin (a n / 2— pulse), and the laser pulse then drives on the 
first lower sideband of the second ion, for a duration set to 
the time required to completely flip the spin (a n— pulse): 

Wll^lOL^I^I^IO^ + ltKl^ll^ (2) 
Z ^k>il^> 2 |0> M +|t> 1 |t> 2 |0> 7M 

= (k>ik> 2 + It> a |t> 2 ) |o) m . 
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The scaling of trapped-ion Coulomb gates becomes dif- 
ficult when large numbers of ions participate in the col- 
lective motion for several reasons: laser-cooling becomes 
inefficient, the ions become more susceptible to n oisy 
electric fields and decoherence of the motional modes^H 
and the densely-packed motional spectrum can poten- 
tially degrade quantum gates through mode crosstalk and 
nonlinearities 104 . One promising approach to circumvent 
these difficulties is the "Quantum CCD'GUl where individ- 
ual ions can be shuttled between various zones of a complex 
trap structure through the application of controlled electri- 
cal forces from the trap electrodes, as depicted in Fig. [3k. 
In this architecture, entangling gates are operated on only 
a small number of ions (perhaps 5-10), where the collec- 
tive motional modes can be cold and coherent. Because the 
motional state factors from gate operations, the ions can be 
moved to different locations to propagate the entanglement. 
Auxiliary ions, perhaps of a different species, can be used as 
refrigerators to quench the residual shuttling motion of the 
ions through sympathetic laser cooling 105 . There has been 
great progress in recent years in the demonstration of mul- 
tizone ion traps and chip ion traps (Fig. pp jDSEE!. 

Another method for scaling ion trap qubits is to couple 
small collections of Coulomb-coupled ions through pho- 
tonic interactions, as shown in Fig. |3p. Photonic ion 
trap networking offers the significant advantage of hav- 
ing a communication channel that can easily traverse large 
distances, unlike the phonons used in the Coulomb-based 
quantum gates. While other matter qubits such as quan- 
tum dots and optically-active impurities can also be cou- 
pled in this way, the use of atoms has the great advantage 
of reproducibility: each atom or ion in the network has al- 
most exactly the same energy spectrum and optical charac- 
teristics. Recently, single atomic ions have been entangled 
with the polarization or frequency of single emitted pho- 
tons, allowing the entanglement of ions over macroscopic 
distances™!. 

This type of protocol is similar to proba- 
bilistic linear optics quantum computing schemes discussed 
above 60 , but with the use of stable qubit memories in the 
network, this system can be efficiently scaled to large dis- 
tance communication through quantum repeater circuits, 
and can moreover be scaled to large numbers of qubits for 
distributed probabilistic quantum computing 1 19 l 120 l 
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FIG. 4: (a) Optical Lattice of cold atoms formed by multi- 
dimensional optical standing wave potentials (courtesy J. V. Porto, 
NIST). (b) Image of atoms confined in an optical lattice (courtesy 
D. Weiss, Perm State University). 



fiber 




PMT 



FIG. 3: Ion trap multiplexing, (a) Entanglement can be propagated 
to larger collections of trapped ions by performing quantum gates 
on small collections of ions (where the motion is under quantum 
control) and then physically shuttling the ions to different trapping 
regions, (b) This approach may require more advanced trapping 
structures that will likely be fabricated on chip structures (cour- 
tesy, D. J. Wineland, NIST). (c) Atoms can be entangled over re- 
mote distances through the emission, interference, and detection 
of photons, depicted with a beamsplitter (BS) and photomultiplier 
detectors (PMT). 



VII. NEUTRAL ATOMS AND OPTICAL LATTICES 

A natural host of neutral atoms for quantum information 
purposes is the optical lattice - an array of cold atoms con- 
fined in free space by a pattern of crossed laser beams^4 
The lasers are typically applied far from atomic resonance, 
and the resulting ac Stark shifts in the atoms results in an ef- 
fective external trapping potential for the atoms that is pro- 
portional to the squared optical electric field amplitude. For 
appropriate standing wave laser beam geometries, this can 
result in a regular pattern of potential wells in any num- 
ber of dimensions, with lattice sites spaced by roughly an 
optical wavelength (Fig. |4j. Perhaps the most intriguing 
aspect of optical lattices is that the dimensionality, form, 
depth, and position of optical lattices can be precisely con- 
trolled through the geometry, polarization, and intensity of 
the external laser beams defining the lattice. The central 
challenges in using optical lattices for quantum computing 
are the controlled initialization, interaction, and measure- 
ment of the atomic qubits. However, there has been much 
recent progress on all of these fronts in recent years. 

Optical lattices are typically loaded with 10 3 -10 6 iden- 
tical atoms, typically with nonuniform packing of lattice 
sites for thermal atoms. However, when a Bose conden- 



sate is loaded in an optical lattice, the competition be- 
tween intrasite tunnelling and the on-site interaction be- 
tween multiple atoms can result in a Mott-insulator tran- 
sition where the same number of atoms (e.g., one) reside in 
every lattice sit<™a. Given this external initialization of 
the atomic qubits, the initialization and measurement of in- 
ternal atomic qubit states in optical lattices can in principle 
follow exactly from optical pumping and fluorescence tech- 
niques in ion traps described above. 

The interaction between atomic qubits in optical lattices 
can be realized in several ways. Optical lattice potentials 
can depend upon the internal qubit level (e.g., one state's 
valley can be another state's hill), so that atoms in lattices 
can be shifted to nearly overlap with their neighbors condi- 
tioned upon their internal qubit state through a simple mod- 
ulation of the lattice light polarization or intensity. Adjacent 
atoms can thus be brought together depending on their in- 
ternal qubit levels, and through contact interactions, entan- 
glement can be formed between the atoms. This approach 
has been exploited for the realization of entangling quan- 
tum gate operations between atoms and their neighbors, as 
depicted in (Fig 



4^)^l Another approach exploits the ob- 
servation that when atoms are promoted to Rydberg states, 
they possess very large electric dipole moments. The Ryd- 
berg "dipole blockade" mechanism prevents more than one 
atom from being promoted to a Rydberg state, owing to the 
induced level shift of the Rydberg state in nearby atoms^H. 
This effect therefore allows the possibility of controlled in- 
teractions and entanglement. Recently, the Rydberg block- 
ade effect was observed in exactl y two atoms confined in 
two separate optical dipole traps^ES, and it should be 
possible to observe this between atoms in an optical lattice. 

Applying optical lattices to quantum computing involves 
a general tradeoff in the atom spacing. With the natural 
spacing of order the wavelength of light, the atoms are close 
enough for large interactions, but they are too close to spa- 
tially resolve for individual initialization and addressing. 
On the other hand, larger optical lattice spacings allow the 
individual addressing and imaging of the atoms (Fig [4j}), 
at the expense of much smaller interactions for the gen- 
eration of entanglement. In any case, optical lattices con- 
tinue to hold great promise for the generation of large-scale 
global entangled states that could be exploited in alternative 
quantum computing models, such as cluster-state quantum 
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VIII. NUCLEAR MAGNETIC RESONANCE 



More than 50 years after its discovery ' ° \ research in 
nuclear magnetic resonance research is still bringing new 
insight on quantum dynamics and control. In 1996, Cory 
et alP^I as well as Gershenfeld and Chuang 130 suggested 
how to use the nuclear spins in a liquid to build a quan- 
tum processor. The idea sprang from the realization that 
nuclear magnetic moments are well suited to bear quan- 
tum information for several reasons. They can be idealized 
as two level systems, isolated from their environment, and 
controlled with relative ease, taking advantage of the many 
years of engineering developed in MRI and related technolo- 
gies. 

Immersed in strong magnetic field, nuclear spins can be 
identified through their Larmor frequency. In a molecule, 
nuclear Larmor frequencies vary from atom to atom due to 
shielding effects from electrons in molecular bonds. Irradi- 
ating the nuclei with resonant radio-frequency (RF) pulses 
allows manipulating them one at a time, inducing generic 
one-qubit gates. Two qubit interactions are implemented 
using the indirect coupling mediated through electrons. In 
the liquid state, the rapid tumbling of the molecules effec- 
tively cancels the direct dipolar coupling between nuclei, 
which is especially important for eliminating intermolecu- 
lar interactions. Measurement is achieved by observing the 
induced current in a coil surrounding the sample of an en- 
semble of such qubits. 

The other required element is to prepare a fiducial state 
to initiate the information processing. It was suggested to 
turn a thermal state into a pseudo-pure state, i.e. an ensem- 
ble consisting of the desired initial pure state and the to- 
tal mixed one. It was quickly noticed that the proposed 
procedure was exponentially inefficient. The problem was 
resolved, at least in theory, through the discovery of al- 
gorithmic cooling- 31 l 132 [ The U se of highly mixed states 
also raised questions about the quantumness of NMlff^H 
and the origin of the power of quantum computers. This 
spurred research leading to new models of computation 12 
and ale suggesting that there is quantumness 

despite the use of high-entropy initial states. 

The exquisite control of liquid-state NMR has allowed 
the implementation of small algorithms, providing proof- 
of -principle of control of quantum processors. This im- 
provement came not only because of the dramatic devel- 
opment of the hardware but also the "software", i.e. us- 
ing astute pulse generation, such as composite pulses or 
shaped pulses to make them more precise and robust to 
imperfection. The long history of pulse techniques from 
NMR spectroscopy and MRI have recently been augmented 
by the new quantum information focus. Examples include 
strongly modulated pulses 136 and gradient ascent pulse en- 
gineering (GRAPE)P3. 

This improved control allowed NMR quantum computa- 
tion to manipulate quantum processors of up to a dozen 



qubitsSSHHD Important steps towards the implementation 
of quantum error correcting protocols have also been made 
with NMR. Despite the loss of polarization in the prepa- 
ration of the initial pseudo-pure states, these experiments 
showed that there was sufficient control to demonstrate the 
fundamental workings of QEC, but not yet enough for fault 
tolerance. 

Despite its exquisite control, NMR in the liquid state has 
its limitations. The key problem is the scalability limitation 
arising from the inefficiency of pseudo-pure-state prepara- 
tion. One direction to address this limitation is to move 
to solid-state NMR. A variety of dynamic nuclear polariza- 
tion techniques exist in the solid-state, which partially helps 
NMR's principal limitation to scalability. The lack of molec- 
ular motion allows the use of nuclear dipole-dipole cou- 
plings, which may speed up gates by one or two orders of 
magnitudes. A recent example of a step toward solid-state 
NMR quantum computation can be found in implementa- 
tion of many rounds of heat bath algorithmic cooling- 31 ! 132 ! 
using specially made crystal of crotonic acid. Different is- 
sues of quantum control arise for this type of technology, 
and lessons learned from solid-state NMR experiments may 
easily be transferred to the solid state silicon devices dis- 
cussed in Sec. [X] and to other technologies. Another possi- 
bility to extendsolid-state NMR systems is to include elec- 
trons to assist in nuclear contro l 142 ! 143 !. These techniques 
have possible ap plic ation in the diamond-NV system, to be 
discussed in Sec.Txil 

Despite its limitations, liquid-state NMR has played and 
continues to play an important role in the development of 
quantum control. However, the future of NMR lies in the 
solid-state, in low temperatures, and in the ability to better 
control electrons and their interactions with the nuclei. In 
this way, the lessons learned in NMR quantum computation 
research are merging with the solid-state proposals of the 
ensuing sections. 



IX. QUANTUM DOTS 

Quantum dots often go by the name "artificial atoms." 
This terminology highlights their most obvious feature for 
use in quantum computing. They occur when a small 
nanostructure (in analogy to a single atomic nucleus) binds 
one or more electrons or "holes" (absences of electrons) in a 
semiconductor. They have discrete energy levels that allow 
coherent control in the similar ways that trapped ions and 
neutral atoms are controlled, and hence their promise for 
providing useful qubits is similar. However, unlike atoms, 
they do not need to be cooled and trapped; they are usually 
born already integrated into a solid-state host which may be 
appropriately refrigerated. 

Quantum dots come in many varieties, depending on 
how they are grown. In all cases, they confine electrons 
or holes in a small region of a semiconductor. Some quan- 
tum dots are semiconductor nanostructures grown in chem- 
ical solution; these dots are then deposited onto another 
surface, which may or may not be another semiconductor. 
More common for quantum computation research are dots 
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FIG. 5: (a) An electrostatically confined quantum dot. (b) A self-assembled quantum dot. (c) The atomic structure of a nitrogen-vacency 
center. 



grown by molecular beam epitaxy (MBE), in which semicon- 
ductor crystals are grown layer by layer, allowing the stack- 
ing of different kinds of semiconductor. A quantum well 
is defined by a two-dimensional plane of a lower bandgap 
semiconductor (for example, GaAs) embedded in a larger- 
bandgap semiconductor (e.g. AlGaAs); electrons become 
confined in the lower bandgap layers, which may be only 
a few atomic layers thick. Those electrons might originate 
from controlled optical excitation or current injection. In 
some devices they spontaneously "fall" into the well from a 
nearby layer of n-type dopants which give up their electrons 
for the lower potential of the quantum well. A quantum 
well becomes a quantum dot when an additional confine- 
ment in the remaining two dimensions is added. Two im- 
portant differing classes of quantum dots are self-assembled 
quantum dots, where a random semiconductor growth pro- 
cess creates that two-dimensional confinement, or electro- 
statically defined quantum dots, in which that confinement is 
defined by electrostatic potentials created by lithographi- 
cally fabricated metallic gates. 

One key difference between these two types of quantum 
dots is the depth of the atom-like potential they create. Elec- 
trostatically defined quantum dots are typically defined by 
small regions in which a two-dimensional electron gas is de- 
pleted. These dots behave well when the distance electrons 
may travel in the two-dimensional electron gas before scat- 
tering is larger than the spatial scale of the structures defin- 
ing the dot; these devices therefore require the very low 
temperatures (<1 K) accessible with dilution refrigerators. 
Loading and measuring electrons trapped in these dots is 
accomplished by dynamically altering the dot potential by 
changing gate voltages. Self-assembled quantum dots, in 
contrast, typically trap electrons with energies much larger 
than thermal energies at temperatures several times larger 
than a bath of liquid helium (4 K). Their potentials may be 
electrically controllable but coherent manipulation is gen- 
erally performed using optical rather than electrical tech- 
niques. 

One of the earliest proposals for quantum computation in 
semiconductors, that of Loss and DiVincenzo, 144 suggested 
the use of electrostatically defined quantum dots, whose 
key advantages over self-assembled dots is that their loca- 
tion on a semiconductor wafer may be carefully designed. 



This proposal envisioned arrays of dots each containing 
a single electron, whose two spin states provide qubits. 
Quantum logic would be accomplished by changing volt- 
ages on the electrostatic gates to move electrons closer and 
further from each other. As the electron wave functions be- 
gin to overlap, they form molecular-like orbitals. These de- 
pend on electron spin due to the Pauli exclusion principle, 
preventing symmetric spin-states from occupying the same 
molecular orbital. This combination of Coulomb repulsion 
with quantum mechanical Fermi-Dirac statistics is known 
as the exchange interaction, and in the Loss and DiVincenzo 
scheme it is tuned to provide universal quantum logic. In 
their proposal, individual electron spins could be controlled 
via microwave transitions tuned to the spin-splitting in a 
magnetic field, and spin measurement could occur via spin- 
dependent tunneling processes, reminiscent of technologies 
in modern magnetic memory. 

Since this seminal proposal, substantial progress toward 
these goals has been reached. The spin-dependent tun- 
neling processe d 145 ! 146 ^ needed for the measurement of sin- 
gle spins in quantum dots were demonstrated, and such 
work has since evolved to employ a quantum point contact 
(QPC), which is a one-dimensional constriction in the po- 
tential seen by an electronic current. This constriction is 
sufficiently sensitive that it may be opened and closed by 
the charge of a single trapped electron in a nearby quan- 
tum dot. The QPC thereby allows the measurement of a 
single electron charge; to measure a spin, the ability of a 
single electron to tunnel into or out of a quantum dot must 
be altered by its spin state. This has been done by chang- 
ing the magnetic field to alter the energy of a single quan- 
tum dofl^Zl, and by changing the potential between two- 
quantum dotjPna The control of individual spins in these 
quantum dots has also been demonstrated via direct gen- 
eration of microwave magnetic fields 1 ^ and by applying 
microwave electric fields in conjunction with the spin-orbit 
interaction 150 . These techniques have allowed measure- 
ment of single spin dephasing (T|) and decoherence (T2) 
times by spin-echo techniques 151 . This single-spin control 
turns out to not be necessary for quantum computation; 
qubits may be defined by clusters of exchanged-coupled 
spins, with effective single-qubit logic controlled by the 
pairwise exchange interaction^ 5 ^!. The T2 decoherence of 
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a qubit defined by an exchange-coupled electron-pair was 
measured, also using the spin-echo technique^. Voltage 
control of a two-electron qubit by the exchange interaction 
has the particular advantage of being fast; the single-qubit 
gates accomplished this way occur in hundreds of picosec- 
onds, which is faster than a direct microwave transition for 
a single spin. 

Most of the work described so far has occurred in dots 
made in group III-V semiconductors. A critical limitation 
to these types of quantum dots is the inevitable presence of 
nuclear spins in the semiconductor substrate. Their hyper- 
fine interactions with the quantum-dot electron spins cause 
a variety of interactions. Energy exchange between elec- 
tron spins and nuclei is important at low magnetic fields, 
as observed experimentally ^ 6 ! 148 ! but more critical are de- 
phasing effects. The random orientation of nuclear spins 
at even relatively low temperature creates an effective in- 
homogeneous magnetic field, which leads spins to dephase 
at a rate of T| ~10 ns. This static dephasing may be refo- 
cused by spin-echo techniques, and may also be suppressed 
by recently discovered effects in which electrically induced 
electron spin flips pump nuclear spins to alter the hyperfine 
gradient 1 ^. 

But decoherence is still limited by the dynamic spin- 
diffusion due to nuclear dipole-dipole interactions. This 
process has been known in the field of electron spin reso- 
nance for over 50 years 154 , but has been revisited by mod- 
ern quantum information researcrti 5 - 5 -! where it is found that 
in GaAs, nuclear spin diffusion should limit electron spin 
decoherence times (T2) of a few jis, close to the values ob- 
served in Refs. 29 and 11511 Suppressing this decoherence 
requires either extraordinary levels of nuclear polarization, 
or the dynamic decoupling of nuclear spin noise by rapid 
sequences of spin rotations 18 . The latter appr oach stems 
from a long history in magnetic resonanc e 1 16 ! 17 ! and recent 
theoretical developments in this area suggest a promising 
future for extending decoherence times due to nuclear spin- 
diffusion noise^£Q. 

One way to eliminate nuclear spins is to define sim- 
ilar dots in nuclear-spin-free group-IV semiconductors 
(i.e. silicon and germanium). Many of the accomplish- 
ments demonstrated in GaAs have recently been duplicated 
in SiGe-based 156 15 - 8 -! or metal-oxide-semiconductor silicon 
(MOS)-based 159 l 16 S l quantum dots, including single electron 
charge sensin gSSland the control of tunnel coupling in dou- 
ble dotsPH. 

Given the experimental progress in the development 
of electrostatically defined quantum dots, it is natural 
to ask what remains to be done to reac h th e type of 
quantum computer envisioned a decade agcP^l Unfortu- 
nately, the demonstrated interactions between these types 
of quantum dots are extremely short-range, and suggest a 
quantum-computer architecture with nearest-neighbor in- 
teractions only. When considering the requirements of 
fault-tolerant QEC, this provides a substantial constrainfl^l. 
Although fault-tolerant operation may be reasonable with 
a dense, two-dimensional network of neighbor-coupled 
qubitsSHEil, such a network may not be possible due to 



the space required for the electrical leads required to de- 
fine each qubit. It seems inevitable that a scalable archi- 
tecture will require the transport of coherent quantum in- 
formation over longer distances. A number of methods for 
accomplishing this in electrostatically defined quantum dot 
systems have been proposed, for example using the coher- 
ent shuttling of spins in charge-density waves 166 . However, 
it remains experimentally uncertain how far spin coherence 
may be reliably transferred on a chip. 

Photonic connections between quantum dots may ulti- 
mately prove more reliable, and for this reason optically 
controlled, self-assembled quantum dots have also under- 
gone substantial development. These quantum dots have 
a few advantages over atoms. Besides the lack of need 
for motional cooling, their large size increases their cou- 
pling to photons (known as the "mesoscopic enhancement" 
of the oscillator strength.) For some devices they may be 
electrically pumped into their excited states^! which may 
have architectural advantages in future devices. One po- 
tential use for these quantum dots in quantum information 
technologies is as a single photon source, since after opti- 
cal or electrical pumping they efficiently emit one and only 
photorl^EIS which ma y b e used for such applications as 
quantum secret sharing 168 or photonic quantum computers 
as discussed above. 

The earliest proposals for the use of optically controlled 
quantum dots for quantum computing 169 " 171 1 stressed the 
importance of optical microcavities for allowing photons 
to mediate quantum logic between the dots (see Sec. |IV) . 
Many schemes have been devised, often based on early 
proposals for establishing entanglement between atoms 56 . 
Recently, it has been realized that the photonic wiring of 
quantum-dot-based quantum computers should be possi- 
ble with experimentally realistic The strong- 
coupling regime is particularly challenging in solid-state 
settings where surface effects on lithographically defined 
microstructures degrade the cavity Q. Most schemes for 
optically connecting quantum dots via microcavities and 
waveguides only require a high Purcell factor or cooper- 
ativity parameter. Although solid-state microcavities may 
have smaller Q, Q/V may be very large due to very 
small mode volumes, on the scale of a cube of the opti- 
cal wavelength. For this reason, there has been substan- 
tial development of systems incorporating a quantum dot 
in a microcavity. There are a variety of microcavity de- 
signs; those that have demonstrated strong-coupling op- 
eration include distributed Bragg reflector micropillars^l 

microdisks /microrings 174 , and defects in photonic bandgap 

crystal ^l75U76| 

The control and measurement of self-assembled quan- 
tum dots has also made recent progress. This research 
is hindered by the random nature of these quantum 
dots; unlike atoms, their optical characteristics vary from 
dot to dot, so many experiments that work for one de- 
vice may fail for another. Nonetheless, rapid optical 
initialization of spin-qubits in quantum dots has been 
demonstrated for both electrons and holesSQZZEZll Op- 
tical quantum non-demolition measurements have been 



13 



demonstratedSSDSl and single-sp in control via ultrafast 
pulses has been developed 30 ! 31 ! 181 ! A remarkable feature of 
this optical control is that these qubits may be controlled 
very quickly, on the order of picoseconds, potentially en- 
abling extremely fast quantum computers. Initial demon- 
strations of quantum logic between single quantum dots in 
microcavities and single photons have also begun^! 

Although single qubit preparation, control, and mea- 
surement in single, self-assembled quantum dots are now 
well established, substantial challenges remain in scaling 
to larger systems. First, the many schemes for establish- 
ing entanglement between quantum dots are either prob- 
abilistic or insufficiently robust to photon loss, which is 
typically a large problem in realistic chip-based devices. 
Second, self-assembly leads to dots that are randomly 
placed spatially and spectrally. Emerging fabrication tech- 
niques for deterministic placement of dotsSHU and dot tun- 
ing technique d 182 ! 184 ! may remedy this problem in the fu- 
ture. Finally, these quantum dots suffer the same nuclear- 
spin-induced decoherence issues faced by the electrostati- 
cally defined quantum dots, and will likely require similar 
dynamical decoupling methods. Another approach under 
consideration is the use of a hole spin rather than an elec- 
tron spin, since in GaAs holes have spatial wavefunctions 
with substantially smaller overlap with the nuclear spins, 
weakening the effects of this interaction, and potentially ex- 
tending decoherence to the lifetime limiP^. In bulk semi- 
conductors, holes typically have much shorter relaxation 
times due to stronger spin-orbit relaxation; their utility for 
quantum-dot qubits remains to be seen. Initial results in the 
initialization^ 8 -! and the measurement of long T| valued^! 
show remarkable promise. These and other results suggest 
a long future for improving the viability and scalability of 
optically controlled quantum dots for large-scale quantum 
computation. 



X. IMPURITIES IN SILICON 

In 1998, at the same time as the first demonstrations of 
quantum computing in NMR systems were being realised 
and close to the appearance of the Loss and DiVincenzo^! 
scheme, Bruce Kane developed a proposal to marry NMR 
quantum computation with a silicon-based system^! The 
Kane proposal was highly influential, primarily since it 
seems to be highly consistent with extant silicon-based mi- 
croelectronic technologies. This proposal embeds quantum 
information in the state of nuclear-spin (I = 1/2) qubits. 
However, unlike in liquid-state NMR they are single nuclear 
spins of individual phosphorus 31 P nuclei embedded in iso- 
topically pure silicon-28 ( 28 Si), which has a nuclear spin 
7 = 0. Phosphorus is a standard donor in silicon, donating 
one electron to attain the same electronic configuration as 
silicon. At low temperatures this donor electron is bound to 
the phosphorus nucleus. These donor electrons are critical 
to the operation of the quantum computer: they mediate a 
nuclear spin interaction, allow qubits to be addressed indi- 
vidually and are integral to measuring the spin state of the 



qubits. 

Coincidental to quantum computing, isotopically puri- 
fied silicon started to become available^ 8 -!, and bulk samples 
of this silicon have now shown remarkable properties sup- 
porting the Kane proposal. The electron spins in 28 Si show 
encouragingly long T2 times, exceeding 60 ms, as demon- 
strated by electron-spin resonance 32 . This coherence has re- 
cently been extended to a few seconds by swapping the elec- 
tron coherence with the 31 P nuclear spin 33 ; the potential for 
much longer nuclear spin decoherence times of minutes or 
longer has further been seen in NMR dynamic decoupling 
experiments®! on 29 Si in 28 Si. Another remarkable prop- 
erty of isotopically purified silicon is that the optical tran- 
sitions related to the 31 P donor become remarkably sharp 
in comparison to isotopically natural silicon 189 . Unlike in 
any other semiconductor to date, the optical transitions are 
sharp enough to resolve the hyperfine splitting due to the 
31 P nuclear spin in the optical spectra^ 8 - 9 -! This has enabled 
rapid (less than 1 second) electron and nuclear spin polar- 
ization by optical pumping 190 , orders of magnitude faster 
than the polarization obtained in 50 years of research into 
silicon spin polarizatio n 191 ! 192 ! Rapid polarization is critical 
for the success of proposals such as Kane's, since T\ times 
(see Sec. [Hi) for electron and nuclear spins in silicon are no- 
toriousl}T[ong at low temperature and qubits must be con- 
stantly initialized for QEC. 

Quantum logic in the Kane proposal is similar to the 
proposal for quantum dots of Loss and DivincenzcP^ dis- 
cussed in the previous section. The wave functions of the 
electrons bound to phosphorus impurities are controlled by 
nanometer-scale metallic gates, and the resultant exchange- 
split energy levels in turn affect the energy levels of the 
nuclear spins, due to the strong Fermi contact hyperfine 
coupling between the electron spins and the nuclei. This 
effect, in addition to magnetic resonance techniques using 
radio-frequency (RF) magnetic fields, allows universal con- 
trol of single spins and nearest-neighbor two-qubit quan- 
tum gates. 

Additional ideas for quantum computing in silicon in- 
clude the 'spin resonance transistor,' in which the varying 
gyromagnetic ratio of spins in different semiconductors al- 
low the electrical control of donor-bound electronic spins 
in Si/Ge alloys without the need for RF fields^ 9 -^. Further 
departures 194 include eliminating the electronics altogether 
and computing with arrays of spin-1 / 2 29 Si in 28 Si, or u sing 
dipolar couplings between donor-bound electron spins 195 . 
Much recent work has focused on silicon-based quantum 
dots, as discussed in the previous section. 

The novel quantum logic ideas of silicon quantum com- 
puting proposals have not yet been demonstrated, since 
single-spin measurement in this system must push existing 
nanotechnology techniques. Unfortunately, the single-spin 
measurement techniques described in the other sections of 
this review, such as those for electrically gated quantum 
dots (Sec. |LX| , cannot be easily applied to silicon. Optical 
detection of single spins, as established for self-assembled 
quantum dots (Sec. [iXj and diamond-NV centers (Sec. |Xl) , 
is hindered by silicon s indirect bandgap, requiring heroic 
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improvement by cavity QEC02Sl(Sec.|lv|. Kane's solution to 
the problem of measurement begins by coherently transfer- 
ring the state of a single nuclear spin to the donor electron, 
and then transferring that electron spin to charge by com- 
paring it to the spin of a nearby donor, again relying on the 
Pauli exclusion principle. Then, single electron charges near 
a Si/Si02 interface must be sensed. 

For single-charge sensing in silicon, there is substantial 
prior art in the development of silicon-based single electron 
transistors (SETs) operating as extremely sensitive charge 
amplifiers 197 . Charging of silicon-based quantum dots has 
been detected by SETs operating at RF frequencies, mak- 
ing critical use of multiple devices for noise cancellation^^. 
Recently, silicon-based transistors have aided the detection 
of the ion-implantation of single dopants^ 9 -', a technique 
which adds to STM techniques 200 for placing phosphorus 
impurities in prescribed atomic locations. Single spin detec- 
tion has not yet been accomplished, but innovations in elec- 
trically detected magnetic resonance (EDMR) have resolved 
small ensembles of phosphorous impurity spird^QD and the 
spin states of single impurities in the oxides of silicon-based 
field-effect transistors have been successfully detected 202 . 
Some combination of these techniques are likely to achieve 
single spin detection in the near future. 

What existing measurements with SETs reveaP^i as well 
as some NMR data^ is that measurement and decoher- 
ence in this system are limited by 1/f noise, a familiar 
noise source in classical silicon-based electronics due to ran- 
dom charge states at silicon/ insulator interfaces. This noise 
source is no surprise, as indicated by KaneS3. Reduction of 
this noise source to the small levels required for fault toler- 
ant quantum computing requires the development of clean, 
high-quality silicon/ insulator /metal interfaces. This chal- 
lenge is expected to be surmountable due to silicon's pri- 
mary advantage: the massive infrastructure in high-quality 
silicon microprocessing that already exists for large-scale 
classical computing. Despite the challenges in measure- 
ment and nanofabrication, silicon-based quantum comput- 
ers maintain substantial hope of "taking off" due to their 
ability to leverage existing resources for very large scale in- 
tegration once the fundamental difficulties are solved. 



XI. IMPURITIES IN DIAMOND 

Diamond is not only the most valuable gemstone, but 
also an important material for semiconductor technology. 
It holds promise to replace silicon owing to unprecedented 
thermal conductivity, high charge carrier mobility, hard- 
ness, and chemical inertness. Dopants in diamond can be 
used as a platform for quantum information processing de- 
vices, like the phosphorus impurities in silicon discussed in 
the previous section. 

Diamond hosts more than 500 documented optically ac- 
tive impurities, known as colour centres, since they are re- 
sponsible for coloration in crystals. Nitrogen, being the 
most abundant impurity in diamond, forms about ten op- 
tically active defects including the nitrogen-vacancy (NV) 
centre. The structure of the NV centre (shown in Fig. |5t) 
consists of a substitutional nitrogen at the lattice site neigh- 
boring a missing carbon atom. It is established experimen- 
tally that these NV centres can exist in two charge states as 
neutral and negatively charged. Several unique properties 
make the NV centres particularly suitable for applications 
related to quantum information processing. First, the NV 
center exhibits strong optical absorption and high fluores- 
cence yield that allows the detection of a single defect us- 
ing confocal fluorescence microscopy 2 ^ (and recently de- 
veloped nonlinear microscopy techniques allow far field ad- 
dressing of defects with a resolution of about 5.6 
Second, it is extraordinarily photostable, meaning that it 
does not show any photoinduced bleaching upon strong 
illumination. Third, the paramagnetic ground state of a 
charged NV defect can be used as a qubit 205 . Finally, the flu- 
orescence intensity of a NV defect is spin-dependent, which 
allows the readout of its spin state via counting the number 
of scattered photons®^. 

The remarkable properties of the NV centre have already 
found application as a single photon source for quantum 
cryptography 207 , including the first commercial single pho- 
ton source device available on the market. Spin-based quan- 
tum information processing can also profit from the out- 
standing properties of the diamond lattice. 

The negatively charged state of the NV centre is formed 
by four electrons associated with dangling bonds of the va- 
cancy, one electron originating from nitrogen, and an addi- 
tional electron from an external donor. Two out of these 
six electrons are unpaired forming a triplet spin system. 
Spin-spin interactions split the energy levels with magnetic 
quantum numbers m s — and m s = 1 by about 2.88 GHz. 
The degeneracy of m s = ±1 states, arising from C3 V sym- 
metry, can be lifted further by applying an external mag- 
netic field. Under optical illumination, spin-selective re- 
laxations lead to an efficient optical pumping of the sys- 
tem into the m s = state, allowing fast (250 ns) initializa- 
tion of the spin qubiP^HI. The spin state of a NV centre can 
be manipulated by applying resonant microwave fieldsP. 
Hence all the necessary ingredients to prepare, manipulate 
and readout single-spin qubits are readily available in dia- 
mond. The first demonstration of quantum process tomog- 
raphy in solid state was realized on a single diamond spin 
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shortly after the discovery of spin manipulation techniques 
in this system222l. 

In contrast to GaAs quantum dots, spins in NV centres 
show long decoherence times, even at room temperature. 
The observed decoherence times depend on the growth 
method of the diamond lattice. In low-purity technical 
grade synthetic material (type lb diamond), single substi- 
tutional nitrogen atoms cause major effects on the electronic 
spin properties of NV centres. Flip-flop processes from the 
electron spin bath create fluctuating magnetic fields at the 
location of the NV centre limiting the coherence time to a 
few microseconds. It was shown that by applying an ex- 
ternal magnetic field, these spin fluctuations can be sup- 
pressed substantially 2 ^. Furthermore, the electron spin 
bath can be polarized in high magnetic fields leading to 
complete freezing of nitrogen spin dynamics 211 . Another 
way to prolong coherence times comes from the possibility 
to grow ultrapure diamond. Recently, it was shown that a 
chemical vapor deposition process allows reducing the im- 
purity concentration down to about 0.1 parts per billion. In 
such materials, the nuclear spin bath formed by 13 C nuclei 
(natural abundance of about 1.1 percent) governs the dy- 
namics of electron spin of NV centres^ 2 ! The decoherence 
of electron spins can be remarkably long if these nuclei are 
removed. By growing isotopically enriched 12 C diamond it 
is possible to increase T2 to 2 ms for 99.7% pure material 35 . 

In lattices that do contain 13 C nuclei, it is found that 
those nuclear spins located close to the NV centre are ex- 
cluded from the spin dynamics owing to an energetic de- 
tuning from the dipolar interaction with the electron spin. 
These nuclear spins, located in the "frozen core" extending 
to about 4 nanometers from the electron spin, can be initial- 
ized and controlled by the NV centre. They can themselves 
be used as a quantum memory, which may be particularly 
useful in quantum repeaters 2 ^. For example, the state of 
the electron spin can be mapped onto the nuclear spin state 
(which phase memory can be as long as seconds) and re- 
trieved with very high fidelity' 2 ^. Three-spin entanglement 
was also demonstrated for two nuclei coupled to the elec- 
tron spinal. 

Intrinsic coupling of stationary qubits (spins) to flying 
qubits (photons), manifested for example in the effect of 
electromagnetically induced transparency (EIT) 2 ^ 5 -! allows 
coupling between distant NV centres. This capability en- 
ables quantum computation schemes based on probabilistic 
entanglement between distant qubits 53 , as discussed above 
in the context of trapped ions. Optical transitions of NV 
centres may be sufficiently "atom-like" in that they are 
not affected by dynamic inhomogeneity (i.e. they have a 
transform-limited linewidth), potentially enabling interfer- 
ence from two distant defects. Static inhomogeneity caused 
by strain present in the crystal lattice (which is on the or- 
der of 30 GHz for high quality synthetic crystals) can be 
compensated by applying an external electric field (Stark 
effect^. 

Deterministic schemes for creating entanglement be- 
tween distant spin qubits via a photonic channel require 
coupling of optical transitions to a high-Q cavity (see 



Sec.|lV). The first experimental demonstration of such cou- 
pling was reported for whispering gallery modes of silica 
microspheres 217 . More recently, monolithic diamond pho- 
tonic structures were designed and fabricated, including 
waveguides and photonic crystal cavitie d 218 ! 219 ! When in- 
corporated into photonic structures, diamond defects can 
provide the platform for an integrated quantum informa- 
tion toolbox, including single photon sources and quantum 
memory elements. 

Many initial benchmark demonstration experiments on 
coherent control of a diamond quantum register were car- 
ried out on naturally formed NV centres. However, for 
many applications, in particular those related to coupling 
of NV centres to optical cavities, it is necessary to control the 
position of NV centres. Although creation of NV centres in 
nitrogen-rich diamond by electron irradiation is an estab- 
lished technique, its poor positioning accuracy is not suit- 
able for quantum information devices. Recently, implan- 
tation techniques relying on atomic and molecular implan- 
tation of nitrogen in ultrapure diamond using focused ion 
beams were reported 2 ^. Although generation of NV defects 
remains probabilistic owing to fluctuation of the ion num- 
ber in the beam, novel approaches involving cold ion traps 
as a source are also proposed. Note that use of single cold 
ions not only eliminates statistical fluctuation of the number 
of implanted ions, but also allow Angstrom-level accuracy 
of positioning them into crystal 2 ^ ! 221 ! 

While most of the quantum information processing work 
was performed on NV centres, new emerging systems based 
on nickel- and silicon-related defects were also reported 
recently^SES] Optical properties of nickel-related centres 
outperform NV centres owing to their narrow-band, near- 
infrared emission at room temperature which is impor- 
tant for free-space and fiber-based quantum communica- 
tion. The silicon-vacancy defect is particularly interesting 
because it is known to have paramagnetic ground electron 
state similar to NV defects. Therefore it is likely that other 
defect centers in addition to NV centres have strong poten- 
tial for use in quantum information technology. 

XII. SUPERCONDUCTING QUBITS 

If you tried to make a quantum computer using classi- 
cal electronics, you would find that the resistance of normal 
metals would constantly leak the quantum information into 
heat, causing rapid decoherence. This problem may be alle- 
viated using zero-resistance superconducting circuits. 

The basic physics behind superconducting qubits is most 
easily explained by analogy to the simpler quantum me- 
chanical system of a single particle in a potential. To be- 
gin, an ordinary LC-resonator circuit provides a quantum 
harmonic oscillator. The magnetic flux across the inductor 
<$> and the charge on the capacitor plate Q have the com- 
mutator [<I>, Q] = ih, and therefore O and Q are respec- 
tively analogous to the position and momentum of a sin- 
gle quantum particle. The dynamics are determined by the 
"potential" energy <& 2 /2L and the "kinetic" energy Q 2 /2C, 
which results in the well-known equidistant level quantiza- 
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tion of the harmonic oscillator. However, this level structure 
does not allow universal quantum control. Anharmonicity 
is needed, which is available from the key component in 
superconducting qubits: the Josephson junction. A Joseph- 
son junction is a thin insulating layer separating sections of 
the superconductor, in which quantum tunneling of Cooper 
pairs may still occur. The quantization of the tunneling 
charge across the junction brings a cosine term in the poten- 
tial energy. Thus, the total potential in the parallel circuit 
shown in Fig. 7a is 
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in terms of the flux quantum <J>g = h/2e and the Joseph- 
son energy £j, which is proportional to the junction critical 
current. Two of the quantized levels in the anharmonic po- 
tential U(<f>) give rise to a qubit. 

There are three basic types of superconducting qubits, 
charge, flux, and phase, which are conveniently classified by 
the bias flux <3> ex . The ratio Ej/Eq is also crucial, where 
Eq = e 2 /2C is the single electron charging energy charac- 
terizing the charging effect, i.e. the kinetic term. 

The charge qubit omits the inductance. There is no closed 
superconducting loop, and the potential is simply a cosine 
one with a minimum at zero phase. It is sometimes called 
a Cooper-pair box, as it relies ultimately on the quantization 
of charge into individual Cooper pairs, which becomes a 
dominant effect when a sufficiently small "box" electrode 
is defined by a Josephson junction. Qubits of this type 
were first proposed 225 ! 226 !and developed 227 ! 228 ! in the regime 
of Ej/Eq <C 1, and later extended to the other limit and 
named quantronium 229 and transition 230 . The nature of the 
wave functions and their sensitivity to charge fluctuations 
depend critically on the choice of Ej /Eq. 

In the flux qubiP^DES]^ a i so ^own as a persistent-current 
qubit, <3> ex ~ <E>n/2 is chosen to give a double-well potential. 
The two minima correspond to persistent current going in 
one direction along the loop or the other. Often, the induc- 
tance is substituted by an array of Josephson junctions. The 
kinetic energy term is kept small, Ej /Eq 3> 1. 

In the phase qubit 234 , the potential is biased at a differ- 
ent point, for example <S> ex — $0/4, and again Ej/Eq 3> 1. 
Unlike the flux qubit, the phase qubit uses the two-lowest 
energy states in a single metastable potential well which is 
anharmonic. 

All superconducting qubits are realized in electric cir- 
cuits, in which one may tune the potential and therefore 
the wave function by changing the macroscopically fabri- 
cated inductance, capacitance, and the barrier configuration 
of the qubits. Likewise, this potential may be dynamically 
altered by various means to give complete quantum con- 
trol. Typically, the qubit excitation frequency is designed at 
5-10 GHz, which is high enough to avoid thermal popula- 
tion at the low temperatures available in dilution refriger- 
ators (~ 10 mK; ksT/h ~ 0.2 GHz) and low enough for 
ease of microwave engineering. The single-qubit gates are 
implemented with a resonant microwave pulse of 1-10 ns 
inducing Rabi oscillations. Such pulses are delivered to the 
qubit locally using on-chip wires. 



Thanks to their macroscopic nature, it is straightforward 
to couple superconducting qubits to each other; neighbor- 
ing qubits couple strongly either capacitively or inductively. 
These direct couplings have allowed simple quantum logic 
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, and well-controlled generation of entangled 



states studied by quantum state tomography 40 . However, 
for large-scale quantum computer architectures, more ad- 
justable coupling schemes are desirable. Indirect couplings 
mediated by a tunable coupler have been develop ed for 
switching on and off the interaction between qubits^SSHl 
The application of such tunably coupled qubits to adiabatic 
quantum computing is also under investigation^ttSD 

Exchange of quantum information between arbitrary 
pairs of distant qubits may be possible by using a quantum 
bus, or qubus. Coupling between superconducting qubits 
and a microwave transmission-line resonator is a powerful 
tool for this purpose. The one-dimensional resonators have 
an extreme ly sm all mode volume and thus strong coopera- 
tivity factor 242 (see Sec. IV . Qubits can interact via real- or 
virtual-photon exchange through the resonant / off -resonant 
resonator. Such systems have allowed two-qub it ga te oper- 
ations between qubits several millimeters apar t 243 " 245 l and 
also a variety of cQ ED-type experiments in the strong cou- 
pling regimePlMSI 

The development of coupling schemes with transmission 
lines and resonators has opened new and large potentials 
for quantum microwave optics on a chip. Josephson junc- 
tions play multiple roles in these experiments; they are used 
to create qubits as artificial atoms, as discussed, but they 
also act as nonlinear inductors. The strong qubit-resonator 
coupling as well as the strong nonlinearity of resonators in- 
volving Josephson junctions may allow the exploration of 
unprecedented regimes of quantum optics, which may, for 
example, lead to the use of continuous-variable quantum 
information in superconducting circuits. Still to be demon- 
strated, for example, are a single microwave photon detec- 
tor and on-chip homodyne mixing, which would further en- 
rich the microwave quantum-optics tool box. 

Adding a measuring device to superconducting circuits 
without introducing extra decoherence can be challenging. 
The switching behavior of a current-biased Josephson junc- 
tion at its critical current is commonly used as a threshold 
discriminator of the two qubit states. Such schemes have 
been successfully used in many experiments 229 233 234 and 
achieved a high measurement fidelity above 90% 39 , though 
the qubit state after the readout is randomized due to mea- 
surement back-action. A recent, promising development is 
the demonstration of QND measurements in which a qubit 
provides a state-dependent phase shift for an electromag- 
netic wave in a transmission line^SSSl xhis shift is then 
read out by electronics far from the qubit itself, projecting 
the qubit into the eigenstate corresponding to the measure- 
ment result. Again, nearly 90% fidelity has been demon- 
strated with non-demolition properties 256 . Highly efficient 
amplifiers are crucial for further improvement of the mea- 
surement fidelity. Integrations of quantum-limited ampli- 
fiers employing Josephson junctions may bring huge impact 
in this directio n 257 l 258 l 
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FIG. 7: (a) Minimal circuit model of superconduct- 
ing qubits. Josephson junction is denoted by X. The 
capacitance C includes a contribution from the junc- 
tion itself, (b)-(d) Potential energy U(<i>) (red) and 
qubit energy levels (black) for (b) charge, (c) flux, 
and (d) phase qubit, respectively. The potential for 
charge qubit is under a periodic boundary condition. 

(e) -(h) Micrographs of superconducting qubits. The 
circuits are made of Al films. The Josephson junc- 
tions consist of AI2O3 tunnel barrier between two 
layers of Al. (e) Charge qubit, or a Cooper pair box. 

(f) Transmon, a derivative of charge qubit with large 
Ej/Eq- The Josephson junction in the middle is not 
visible in this scale. The large interdigitated struc- 
ture is a shunt capacitor, (g) Flux qubit. Two of the 
three junctions in the series provide inductance, (h) 
Phase qubit. 



For effective fault-tolerant quantum computing, it is im- 
portant to rapidly initialize qubits. QND measurements fol- 
lowed by feedback operations may enable this. R apid c ool- 
ing of qubits may also be induced by microwave d 259 ! 26 - -! 

A notable feature of superconducting qubits is their 
macroscopic scale: they involve the collective motion of a 
large number (~10 10 ) of conduction electrons in devices as 
large as 100 }im. Common wisdom is that superpositions of 
these larger, more "macroscopic" states should suffer faster 
decoherence than more "microscopic" systems, and indeed 
superconducting qubits have typically had the fastest de- 
coherence times of all qubits under widespread develop- 
ment. However, the distressingly short decoherence times 
of a few nanoseconds observed in the earliest experiments 
have recently been extended to the range of many microsec- 
onds. The enhancement was accomplished b y improv ed 
circuit designs to make the qubits more robust 44 ! 229 !, by 
decoupling from the environment 230 , and by reducing the 
noise processes that contribute to decoherence^^. Much 
current work in superconducting circuit development deals 
with understanding and eliminating the noise still remain- 
ing. These noise processes vary for each qubit, but often 
seem to be connected to microscopic origins such as charge 
traps and spins in the amorphous oxides at the tunnel bar- 
riers and at the metal surfaces, or in the dielectrics for the 
insulating layers of capacitances and substrate d 261 ' 262 l This 
kind of process is common to multiple solid-state imple- 
mentations of qubits; for example, phosphorous in silicon 
suffers a similar problem from the SiC>2 barrier, even though 
SiC>2 provides the "cleanest" insulating layer among semi- 
conductors. Intensive material engineering research may 
eventually solve these problems. 

Superconducting qubits provide a wide variety of 
promising tools for quantum state manipulations in electric 
circuits. Beautiful demonstrations of two-qubit quantum al- 
gorithms (Deutsch-Jozsa and Grover search) were reported 
recently 4 ^. With careful engineering, the fidelities for con- 
trol and readout will be increased further. As the observed 
decoherence rates improve, these tools will allow more and 
more complex circuits, providing an optimistic future for 
large-scale quantum computation. 



XIII. OTHER TECHNOLOGIES 

The technologies we have discussed for implementing 
quantum computers are by no means the only routes un- 
der consideration. A large number of other technologies ex- 
hibiting quantum coherence have been proposed and tested 
for quantum computers. 

As one example, the single photons in photonic quantum 
computers could be replaced by single, ballistic electrons 
in low-temperature semiconductor nanostructures, which 
may offer advantages in the availability of nonlinearities for 
interations and in detection. As another emerging example, 
quantum computers based on ions and atoms may benefit 
from using small, polar molecules instead of single atoms, 
as the rotational degrees of freedom of molecules offer more 
possibilities for coherent control 263 264 . 

New materials beyond those we have discussed are 
also being investigated in the context of quantum com- 
puting. For example, some researchers continue to search 
for new systems that display the positive optical features 
of self-assembled quantum dots and diamond NV centres 
discussed above (atom-like behavior, semiconductor host, 
large oscillator strength) while exhibiting better homogene- 
ity and coherence than quantum dots and easier routes to 
integration than diamond. Shallow, substitutional semicon- 
ductor impurities, for example, exhibit sharp optical bound 
states near the bandgap and have the advantages of being 
substantially more homogeneous and potentially easier to 
place with atomic-scale fabrication techniques, as in the ex- 
ample of phosphorous in silicon. The fluorine impurity in 
ZnSe is one impurity with a similar binding energy to phos- 
phorous in silicon and a comparable possibility for isotopic 
depletion of nuclear spins from the substrate. Unlike in sil- 
icon, the direct, wide bandgap of ZnSe affords it an oscil- 
lator strength comparable to a quantum dot. Further, the 
II- VI semiconductor system allows MBE-based semiconduc- 
tor alloying techniques not currently available in diamond. 
The electron bound to F:ZnSe and the 19 F nuclear spin may 
therefore provide excellent optically controlled qubits; al- 
ready it has shown promise as a scalable single photon 

265 

source^ 1 . 
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Another system under investigation for optically con- 
trolled, solid-state quantum computation is provided by 
rare earth ions in crystalline hosts. These systems have 
been known for many years to show long coherence times 
for their hyperfine states. Unfortunately, these impurity 
ions usually have weak optical transitions and and there- 
fore cannot be detected at the single atom level like quan- 
tum dots, NV centres in diamond, or fluorine impurities in 
ZnSe. Therefore, like NMR quantum computing, this ap- 
proach employs an ensemble. Isolating the degrees of free- 
dom to define qubits in this ensemble benefits from the large 
inhomogeneous broadening of the system, caused by shifts 
of the optical transitions of the impurities due to imperfec- 
tions of the crystalline host. Remarkably, these static shifts 
only weakly affect the width of transition of individual ions, 
which may have optical coherence times of milliseconds. 
The extremely high ratio of homogeneous to inhomoge- 
neous broadening (typically 1 kHz vs. 10 GHz for Eu doped 
YAIO3) potentially allows the realization of up to 10 7 read- 
out channels in the inhomogeneous ensemble. Qubits can 
be defined as groups of ions having a well defined optical 
transition frequency, isolated by a narrow bandwidth laser. 
Unlike in the case of liquid state NMR quantum registers, the 
initial state of rare-earth qubits can be initialized via optical 
pumping of hyperfine sublevels of the ground state. 

This system has rece ntly see n a demonstration of single- 
qubit state tomograph y^ 66 ! 26 -^. Multi-qubit gates are also 
possible via the large permanent dipole moment in both 
ground and excited electronic states. Very long coherence 
times of the ground state also enable the use of rare earth 
qubits as an efficient interface between flying and matter 
qubits^ 6 -^ 2 ^! with unprecedented storage times for photons 
up to 10 secPZll which is many orders of magnitude longer 
than achieved for atomic systems. 

Other materials for hosting single-electron-based qubits 
are also under con siderat ion. The carbon-based nano ma- 
terials of fullerene d 272 ! 273 ! nanotubes 274 , and graphene^S 
have excellent properties for hosting arrays of electron- 
based qubits. Electrons for quantum computing may also 
be held in a low-decoherence environment on the surface 
of liquid helium 2 - 7 ^! Another spin-based aproach is the use 
of molecular magnets. Although these molecules contain 
many atoms and many electrons, their magnetic degrees of 
freedom at low temperature behave as a single quantum 
particle, but with a much stronger and therefore easier-to- 
measure magnetic moment 2 ^! 

A further category of exploration for quantum com- 
putation is new methods to mediate quantum logic be- 
tween qubits, often of existing types. A key example of 
this is the use of superconducting transmission line cav- 
ities and resonators for qubits other than those based on 
Josephson junctions, such as ions 278 , polar molecules 27 -^ and 
quantum dots 280 . Edge-currents in quantum-hall systems 
present another type of coherent current which may be use- 
ful for wiring quantum computers®} In fact, nearly ev- 
ery type of bosonic field has been explored for quantum 
wiring, including lattice phonons in semiconductors^ 2 ! 



phonons in micromechanical oscillators^!, free excitons^^ 
or hybridizations between excitons and cavity photons in 
semiconductors^ 5 -', and spin-waves in magnetic crystals^ 8 - 6 ! 
Other ideas in this category include surface-acoustic waves 
for shuttling spin qubits 287 and plasmonic technologies for 
shuttling photonic qubits at sub-wavelength scales 2 ^! 

Other areas of diverse development in quantum compu- 
tation are novel means for measurement. Ultra-sensitive 
magnetic field detection techniques with Angstrom- 
resolution such as magnetic resonance force microscopy 
(MRFM) and spin-dependent scanning-tunneling mi- 
croscopy (STM) may play a role in future quantum 
computers. In the other direction, technologies developed 
for qubits such as the NV centre in diamond are findin g new 
roles as magnetic field sensors in diverse applications 2 -§2l290] 

A final development in quantum computation deserving 
of mention here is the use of topologically defined quantum 
gates to preserve quantum information. Such concepts are 
used to define fault-tolerant QEC schemes among ordinary 
qubits 165 , but have also been proposed as a method of phys- 
ical computation should a physical system be found to im- 
plement them. For example, a type of quantum excitation 
with fractional quantum statistics known as the anyon has 
been predicted to play a role in condensed matter systems 
(in particular, certain aspects of the fractional quantum-Hall 
effect). Theoretical ideas in implementing quantum logic 
by the topological braiding of such particles may offer more 
advanced future routes to robust quantum computatiorPS] 



XIV. OUTLOOK 

In the last 15 years we have discovered that quantum in- 
formation is fundamentally more powerful than classical in- 
formation, challenging the tenets of computer science. We 
have also learned that it is possible, in principle at least, to 
quantum compute reliably in the presence of the imperfec- 
tion of real devices. As demonstrated in this article, we have 
learned that we do indeed have enough control today to im- 
plement rudimentary quantum algorithms. These elements 
form the foundation of a new kind of science and technol- 
ogy based on those quantum properties of nature that have 
no classical analog. 

The challenge for the years to come will be to go from 
proof-of-principle demonstrations to the engineering of de- 
vices based on quantum principles that are actually more 
powerful, more efficient or less costly than their classical 
counterparts. A quantum computer is perhaps the most 
ambitious goal of this new science, and it will probably re- 
quire a few more decades to come to fruition. On the way to 
this goal, however, we will grow accustomed to controlling 
the counterintuitive properties of quantum mechanics, and 
we will develop new materials and make new types of sen- 
sors and other technologies. As we proceed, we will tame 
the quantum world and become inured with a new form of 
technological reality. 



19 



1 M. A. Nielsen and I. L. Chuang, Quantum Computation and 
Quantum Information, Cambridge University Press (2000). 

2 J. W. Cooley and O. W. Tukey An algorithm for the machine 
calculation of complex Fourier series, Math. Comput. 19, 297 
(1965). 

3 P. W. Shor, Algorithms for quantum computation: discrete log- 
arithms and factoring, In Proceedings, 35 th Annual Symposium 
on Foundations of Computer Science pages 124—134. IEEE Press 
(1994). 

4 R.P Feynman, Simulating physics with computers, Int. }. Theor. 
Phys. 21, 467-488 (1982). 

5 P. Shor, Fault-tolerant quantum computation, In Proceedings, 
37 th Annual Symposium on Fundamentals of Computer Science 
page 56. IEEE Press (1996). 

6 E. Rnill, Quantum computing with realistically noisy devices, 
Nature 434, 39^4 (2005). 

7 D. P. DiVincenzo, The physical implementation of quantum 
computation, Fortschr. Phys. 48, 771-783 (2000). 

8 R. Blume-Kohout, C. M. Caves, and I. H. Deutsch, Climbing 
mount scalable: physical resource requirements for a scalable 
quantum computer, Foundations of Physics 32, 1641 (2002). 

9 E. Farhi, J. Goldstone, S. Gutmann, and M. Sipser, Quantum 
computation by adiabatic evolution, arXiv:quant-ph/0001106 

10 R. Raussendorf and H. J. Briegel, A one-way quantum com- 
puter, Phys. Rev. Lett. 86, 5188-5191 (2001). 

11 A. Mizel, D. A. Lidar, and M. Mitchell, Simple proof of equiva- 
lence between adiabatic quantum computation and the circuit 
model, Phys. Rev. Lett. 99, 070502 (2007). 

12 E. Knill and R. Laflamme, Power of one bit of quantum infor- 
mation, Phys. Rev. Lett. 81, 5672-5675 (1998). 

13 W. Diir, H. J. Briegel, J. I. Cirac, and P. Zoller, Quantum re- 
peaters based on entanglement purification, Phys. Rev. A 59, 
169-181 (1999). 

14 E. L. Hahn, Spin echoes, Phys. Rev. 77, 746 (1950). 

15 D. A. Lidar, I. L. Chuang, and K. B. Whaley Decoherence-free 
subspaces for quantum computation, Phys. Rev. Lett. 81, 2594 
(1998). 

16 H. Y. Carr and E. M. Purcell, Effects of diffusion on free pre- 
cession in nuclear magnetic resonance experiments, Phys. Rev. 
94, 630-638 (1954). 

17 S. Meiboom and D. Gill, Modified spin-echo method for mea- 
suring nuclear relaxation times, Rev. Sci. Instrum. 29, 688-691 
(1958). 

18 L. Viola and S. Lloyd, Dynamical suppression of decoherence 
in two-state quantum systems, Phys. Rev. A 58, 2733 (1998). 

19 Gotz S. Uhrig, Keeping a quantum bit alive by optimized n- 
pulse sequences, Phys. Rev. Lett. 98, 100504 (2007). 

20 B. Lee, W. M. Witzel, and S. Das Sarma, Universal pulse se- 
quence to minimize spin dephasing in the central spin deco- 
herence problem, Phys. Rev. Lett. 100, 160505 (2008). 

21 Wen Yang and Ren-Bao Liu, Universality of uhrig dynamical 
decoupling for suppressing qubit pure dephasing and relax- 
ation, Phys. Rev. Lett. 101, 180403 (2008). 

22 F. Schmidt-Kaler, S. Guide, M. Riebe, T. Deuschle, A. Kreuter, 
G. Lancaster, C. Becher, J. Eschner, H. Haffner, and R. Blatt, The 
coherence of qubits based on single Ca + ions, Journal of Physics 
B-Atomic Molecular and Optical Physics 36, 623-636 (2003). 

23 }. Benhelm, G. Kirchmair, C.F. Roos, and R. Blatt, Towards 
fault-tolerant quantum computing with trapped ions, Nat. 
Phys. 4, 463^66 (2008). 



24 C. Langer, R. Ozeri, J. D. Jost, J. Chiaverini, B. DeMarco, 
A. Ben-Kish, R. B. Blakestad, J. Britton, D. B. Hume, W. M. 
Itano, D. Leibfried, R. Reichle, T. Rosenband, T. Schaetz, P. O. 
Schmidt, and D. J. Wineland, Long-lived qubit memory using 
atomic ions, Phys. Rev. Lett. 95, 060502 (2005). 

25 E. Knill, D. Leibfried, R. Reichle, J. Britton, R. B. Blakestad, 
J. D. Jost, C. Langer, R. Ozeri, S. Seidelin, and D. J. Wineland, 
Randomized benchmarking of quantum gates, Phys. Rev. A 77, 
012307(2008). 

26 D. Leibfried, B. DeMarco, V. Meyer, D. Lucas, M. Barrett, J. Brit- 
ton, W. M. Itano, B. Jelenkovic, C. Langer, T. Rosenband, and 

D. J. Wineland, Experimental demonstration of a robust, high- 
fidelity geometric two ion-qubit phase gate, Nature 422, 412- 
415 (2003). 

27 Philipp Treutlein, Peter Hommelhoff, Tilo Steinmetz, 
Theodor W. Hansen, and Jakob Reichel, Coherence in 
microchip traps, Phys. Rev. Lett. 92, 203005 (2004). 

28 C. A. Ryan, M. Laforest, and R. Laflamme, Randomized bench- 
marking of single- and multi-qubit control in liquid-state NMR 
quantum information processing, New }. Phys. 11, 013034 
(2009). 

29 J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby, 
M. D. Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard, 
Coherent manipulation of coupled electron spins in semicon- 
ductor quantum dots, Science 309, 2180-2184 (2005). 

30 A. Greilich, D. R. Yakovlev, A. Shabaev, Al. L. Efros, I. A. 
Yugova, R. Oulton, V. Stavarache, D. Reuter, A. Wieck, and 
M. Bayer, Mode locking of electron spin coherences in singly 
charged quantum dots, Science 313, 341 (2006). 

31 D. Press, T. D. Ladd, B. Y. Zhang, and Y. Yamamoto, Complete 
quantum control of a single quantum dot spin using ultrafast 
optical pulses, Nature 456, 218-221 (2008). 

32 A.M. Tyryshkin, S. A. Lyon, A. V. Astashkin, and A. M. Rait- 
simring, Electron spin-relaxation times of phosphorous donors 
in silicon, Phys. Rev. B 68, 193207 (2003). 

33 J. J. L. Morton, A. M. Tyryshkin, R. M. Brown, S. Shankar, B. W. 
Lovett, A. Ardavan, T. Schenkel, E. E. Haller, J. W. Ager, and 
S. A. Lyon, Solid-state quantum memory using the 31 P nuclear 
spin, Nature 455, 1085-1088 (2008). 

34 T. D. Ladd, D. Maryenko, Y. Yamamoto, E. Abe, and K. M. Itoh, 
Coherence time of decoupled nuclear spins in silicon, Phys. 
Rev. B 71, 14401 (2005). 

35 Gopalakrishnan Balasubramanian, Philipp Neumann, Daniel 
Twitchen, Matthew Markham, Roman Kolesov, Norikazu 
Mizuochi, Junichi Isoya, Jocelyn Achard, Johannes Beck, Julia 
Tissler, Vincent Jacques, Philip R. Hemmer, Fedor Jelezko, and 
Jorg Wrachtrup, Ultralong spin coherence time in isotopically 
engineered diamond, Nat Mater 8, 383-387 (2009). 

36 F. Jelezko, T. Gaebel, I. Popa, A. Gruber, and J. Wrachtrup, Ob- 
servation of coherent oscillations in a single electron spin, Phys. 
Rev. Lett. 92, 076401 (2004). 

37 P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H. Watan- 
abe, S. Yamasaki, V. Jacques, T. Gaebel, F. Jelezko, and 
J. Wrachtrup, Multipartite entanglement among single spins 
in diamond, Science 320, 1326-1329 (2008). 

38 M. Neeley M. Ansmann, R. C. Bialczak, M. Hofheinz, N. Katz, 

E. Lucero, A. O'Connell, H. Wang, A. N. Cleland, and J. M. 
Martinis, Process tomography of quantum memory in a 
Josephson-phase qubit coupled to a two-level state, Nature 
Physics 4, 523-526 (2008). 

39 E. Lucero, M. Hofheinz, M. Ansmann, R. C. Bialczak, N. Katz, 



20 



M. Neeley, A. D. O'Connell, H. Wang, A. N. Cleland, and J. M. 
Martinis, High-fidelity gates in a single Josephson qubit, Phys. 
Rev. Lett. 100, 247001 (2008). 

40 M. Steffen, M. Ansmann, R. C. Bialczak, N. Katz, E. Lucero, 
R. McDermott, M. Neeley, E. M. Weig, A. N. Cleland, and J. M. 
Martinis, Measurement of the entanglement of two supercon- 
ducting qubits via state tomography, Science 313, 1423-1425 

(2006) . 

41 J. A. Schreier, A. A. Houck, J. Koch, D. I. Schuster, B. R. John- 
son, J. M. Chow, J. M. Gambetta, J. Majer, L. Frunzio, M. H. De- 
voret, S. M. Girvin, and R. J. Schoelkopf, Suppressing charge 
noise decoherence in superconducting charge qubits, Phys. 
Rev. B 77, 180502 (2008). 

42 J. M. Chow, L. DiCarlo, J. M. Gambetta, A. Nunnenkamp, L. S. 
Bishop, L. Frunzio, M. H. Devoret, S. M. Girvin, and R. J. 
Schoelkopf, Entanglement metrology using a joint readout of 
superconducting qubits (2009), arXiv:0908.1955 

43 L. DiCarlo, J. M. Chow, J. M. Gambetta, L. S. Bishop, D. I. 
Schuster, J. Majer, A. Blais, L. Frunzio, S. M. Girvin, and R. J. 
Schoelkopf, Demonstration of two-qubit algorithms with a su- 
perconducting quantum processor, Nature 260, 240-244 (2009). 

44 P. Bertet, I. Chiorescu, G. Burkard, K. Semba, C. J. P. M. Har- 
mans, D. P. DiVincenzo, and J. E. Mooij, Dephasing of a super- 
conducting qubit induced by photon noise, Phys. Rev. Lett. 95, 
257002 (2005). 

45 J. H. Plantenberg, P. C. de Groot, C. J. P. M. Harmans, and J. E. 
Mooij, Demonstration of controlled-NOT quantum gates on a 
pair of superconducting quantum bits, Nature 447, 836-839 

(2007) . 

46 H. Mabuchi and A. C. Doherty Cavity quantum electrody- 
namics: Coherence in context, Science 298, 1372-1377 (2002). 

47 H. J. Kimble, Structure and dynamics in cavity quantum elec- 
trodynamics, Advances in Atomic, Molecular, and Optical Physics 
Supplement 2, 203-266 (1994). 

48 Q A Turchette, C J Hood, W Lange, H Mabuchi, and H J Kim- 
ble, Measurement of conditional phase shifts for quantum 
logic, Phys. Rev. Lett. 75, 4710-4713 (1995). 

49 G Nogues, A Rauschenbeutel, S Osnaghi, N Brune, } M Rai- 
mond, and S Haroche, Seeing a single photon without destroy- 
ing it, Nature 400, 239-242 (1999). 

50 J Ye, D W Vernooy, and H J Kimble, Trapping of single atoms 
in cavity QED, Phys. Rev. Lett. 83, 4987-4990 (1999). 

51 T Pellizzari, S A Gardiner, J I Cirac, and P Zoller, Decoherence 
and continuous observation and and quantum computing: A 
cavity QED model, Phys. Rev. Lett. 75, 3788-3791 (1995). 

52 C. Cabrillo, }. I. Cirac, P. Garca-Fernndez, and P. Zoller, Cre- 
ation of entangled states of distant atoms by interference, Phys. 
Rev. A 59, 1025 (1999). 

53 L. Childress, J. M. Taylor, A. S. Srensen, and M. D. Lukin, Phys. 
Rev. A 72, 52330 (2005). 

54 T. D. Ladd, P. van Loock, K. Nemoto, W. J. Munro, and Y. Ya- 
mamoto, Hybrid quantum repeater based on dispersive CQED 
interactions between matter qubits and bright coherent light, 
New]. Phys. 8, 184(2006). 

55 E. Waks and J. Vuckovic, Dipole induced transparency in drop 
filter cavity-waveguide systems, Phys. Rev. Lett. 96, 153601 
(2006). 

56 J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi, Quan- 
tum state transfer and entanglement distribution among dis- 
tant nodes in a quantum network, Phys. Rev. Lett. 78, 3221 
(1997). 

57 R. J. Schoelkopf and S. M. Girvin, Wiring up quantum systems, 
Nature 451, 664-669 (2008). 

58 Jeremy L. O'Brien, Optical Quantum Computing, Science 318, 



1567-1570 (2007), and references therein. 

59 H. Schmidt and A. Imamoglu, Giant Kerr nonlinearities ob- 
tained by electromagnetically induced transparency, Opt. Lett. 
21,1936-1938 (1996). 

60 E Knill, R Laflamme, and G J Milburn, A scheme for efficient 
quantum computation with linear optics, Nature 409, 46-52 
(2001). 

61 J. L. O'Brien, G. J. Pryde, A. G. White, T. C. Ralph, and D. Bran- 
ning, Demonstration of an all-optical quantum controlled- 
NOT gate, Nature 426, 264-267 (2003). 

62 J. L. O'Brien, G. J. Pryde, A. Gilchrist, D. F. V. James, N. K. 
Langford, T. C. Ralph, and A. G. White, Quantum process to- 
mography of a controlled-NOT gate, Phys. Rev. Lett. 93, 080502 

(2004) . 

63 T B Pittman, M J Fitch, B C Jacobs, and J D Franson, Experi- 
mental controlled-not logic gate for single photons in the coin- 
cidence basis, Phys. Rev. A 68, 032316 (2003). 

64 Sara Gasparoni, Jian-Wei Pan, Philip Walther, Terry Rudolph, 
and Anton Zeilinger, Realization of a photonic controlled-NOT 
gate sufficient for quantum computation, Phys. Rev. Lett. 93, 
020504 (2004). 

65 B. P. Lanyon, M. Barbieri, M. P. Almeida, T. Jennewein, T. C. 
Ralph, K. J. Resch, G. J. Pryde, J. L. O'Brien, A. Gilchrist, 
and A. G. White, Simplifying quantum logic using higher- 
dimensional Hilbert spaces, Nat. Phys. 5, 134 (2009). 

66 T. B. Pittman, B. C. Jacobs, and J. D. Franson, Demonstration of 
quantum error correction using linear optics, Phys. Rev. A 71, 
052332 (2005). 

67 J. L. O'Brien, G. J. Pryde, A. G. White, and T. C. Ralph, High- 
fidelity z-measurement error encoding of optical qubits, Phys. 
Rev. A 71, 060303 (2005). 

68 Chao-Yang Lu, Wei-Bo Gao, Jin Zhang, Xiao-Qi Zhou, Tao 
Yang, and Jian-Wei Pan, Experimental quantum coding against 
qubit loss error, Proceedings of the National Academy of Sciences 
of the United States of America 105, 11050-11054 (2008). 

69 Chao-Yang Lu, Daniel E. Browne, Tao Yang, and Jian-Wei Pan, 
Demonstration of a compiled version of shor's quantum fac- 
toring algorithm using photonic qubits, Phys. Rev. Lett. 99, 
250504 (2007). 

70 B. P. Lanyon, T. J. Weinhold, N. K. Langford, M. Barbieri, 
D. F. V. James, A. Gilchrist, and A. G. White, Experimental 
demonstration of a compiled version of shor's algorithm with 
quantum entanglement, Phys. Rev. Lett. 99, 250505 (2007). 

71 N. Yoran and B. Reznik, Deterministic linear optics quantum 
computation with single photon qubits, Phys. Rev. Lett. 91, 
037903 Jul (2003). 

72 Michael A. Nielsen, Optical quantum computation using clus- 
ter states, Phys. Rev. Lett. 93, 040503 (2004). 

73 Daniel E. Browne and Terry Rudolph, Resource-efficient lin- 
ear optical quantum computation, Phys. Rev. Lett. 95, 010501 

(2005) . 

74 T. C. Ralph, A. J. F. Hayes, and Alexei Gilchrist, Loss-tolerant 
optical qubits, Phys. Rev. Lett. 95, 100501 (2005). 

75 P. Walther, K. J. Resch, T. Rudolph, E. Schenck, H. Weinfurter, 
V. Vedral, M. Aspelmeyer, and A. Zeilinger, Experimental one- 
way quantum computing, Nature 434, 169-176 (2005). 

76 Robert Prevedel, Philip Walther, Felix Tiefenbacher, Pascal 
Bohi, Rainer Kaltenbaek, Thomas Jennewein, and Anton 
Zeilinger, High-speed linear optics quantum computing using 
active feed-forward, Nature 445, 65-69 (2007). 

77 Alberto Politi, Martin J. Cryan, John G. Rarity, Siyuan Yu, and 
Jeremy L. O'Brien, Silica-on-silicon waveguide quantum cir- 
cuits, Science 320, 646 (2008). 

78 Single-photon detectors, applications, and measurement, Eds. 



21 



A. Migdal and J. Dowling, J. Mod. Opt. 51 (2004). 

79 Focus on Single Photons on Demand, Eds. P. Grangier, B. 
Sanders, and J. Vuckovic, New J. Phys. 6 (2004). 

80 Jonathan C F Matthews, Alberto Politi, Andre Stefanov, and 
Jeremy L. O'Brien, submitted to Science (2008). 

81 Graham D. Marshall, Alberto Politi, Jonathan C F Matthews, 
Peter Dekker, Martin Ams, Michael Withford, and Jeremy L. 
O'Brien, arXiv:0902.4357 (2009). 

82 Kenji Tsujino, Makoto Akiba, and Masahide Sasaki, Ultralow- 
noise readout circuit with an avalanche photodiode: toward 
a photon-number-resolving detector, Appl. Opt. 46, 1009-1014 

(2007) . 

83 B. E. Kardynal, Z. L. Yuan, and A. J. Shields, An avalanche- 
photodiode-based photon-number-resolving detector, Nature 
Photon. 2, 425-128 (2008). 

84 Shigeki Takeuchi, Jungsang Kim, Yoshihisa Yamamoto, and 
Henry H. Hogue, Development of a high-quantum-efficiency 
single-photon counting system, Appl. Phys. Lett. 74, 1063-1065 
(1999). 

85 K. D. Irwin, An application of electrothermal feedback for 
high resolution cryogenic particle detection, Appl. Phys. Lett. 
66, 1998-2000 (1995). 

86 Adriana E. Lita, Aaron J. Miller, and Sae Woo Nam, Counting 
near-infrared single-photons with 95% efficiency, Opt. Express 
16,3032-3040(2008). 

87 G. N. Gol'tsman, O. Okunev, G. Chulkova, A. Lipatov, A. Se- 
menov, K. Smirnov, B. Voronov, A. Dzardanov, C. Williams, 
and Roman Sobolewski, Picosecond superconducting single- 
photon optical detector, Appl. Phys. Lett. 79, 705-707 (2001). 

88 S. Miki, M. Fujiwara, M. Sasaki, B. Baek, A. J. Miller, R. H. 
Hadfield, S. W. Nam, and Z. Wang, Large sensitive-area nbn 
nanowire superconducting single-photon detectors fabricated 
on single-crystal MgO substrates, Appl. Phys. Lett. 92, 061116 

(2008) . 

89 Aleksander Divochiy Francesco Marsili, David Bitauld, 
Alessandro Gaggero, Roberto Leoni, Francesco Mattioli, 
Alexander Korneev, Vitaliy Seleznev, Nataliya Kaurova, Olga 
Minaeva, Gregory Gol'tsman, Konstantinos G. Lagoudakis, 
Moushab Benkhaoul, Francis Levy, and Andrea Fiore, Su- 
perconducting nanowire photon-number-resolving detector at 
telecommunication wavelengths, Nature Photon. 2, 302-306 
(2008). 

90 Axel Kuhn, Markus Hennrich, and Gerhard Rempe, Determin- 
istic single-photon source for distributed quantum network- 
ing, Phys. Rev. Lett. 89, 067901 (2002). 

91 J. McKeever, A. Boca, A. D. Boozer, R. Miller, J. R. Buck, 
A. Kuzmich, and H. J. Kimble, Deterministic generation of 
single photons from one atom trapped in a cavity, Science 303, 
1992-1995 (2004). 

92 Markus Hijlkema, Bernhard Weber, Holger P. Specht, Simon C. 
Webster, Axel Kuhn, and Gerhard Rempe, A single-photon 
server with just one atom, Nature Phys. 3, 253-255 (2007). 

93 Andrew J. Shields, Semiconductor quantum light sources, Na- 
ture Photon. 1, 215-223 (2007). 

94 C. Santori, et al, Indistinguishable photons from a single- 
photon device, Nature 419, 594 (2002). 

95 A. L. Migdall, D. Branning, and S. Castelletto, Tailoring single- 
photon and multiphoton probabilities of a single-photon on- 
demand source, Phys. Rev. A 66, 053805 Nov (2002). 

96 L. M. Duan and H. J. Kimble, Scalable photonic quantum com- 
putation through cavity-assisted interactions, Phys. Rev. Lett. 
92, 127902 (2004). 

97 Simon J. Devitt, Andrew D. Greentree, Radu Ionicioiu, 
Jeremy L. O'Brien, William J. Munro, and Lloyd C. L. Hollen- 



berg, Photonic module: An on-demand resource for photonic 
entanglement, Phys. Rev. A 76, 052312 (2007). 

98 Ashley M. Stephens, Zachary W. E. Evans, Simon J. Devitt, 
Andrew D. Greentree, Austin G. Fowler, William J. Munro, 
Jeremy L. O'Brien, Kae Nemoto, and Lloyd C. L. Hollenberg, 
Deterministic optical quantum computer using photonic mod- 
ules, Phys. Rev. A 78, 032318 (2008). 

99 S. L. Braunstein and P. van Loock, Quantum information with 
continuous variables, Rev. Mod. Phys. 77, 513-577 (2005). 

100 Nicolas C. Menicucci, Steven T. Flammia, and Olivier Pfister, 
One-way quantum computing in the optical frequency comb, 
Phys. Rev. Lett. 101, 130501 (2008). 

101 J.C. Bergquist, S. R. Jefferts, and D. J. Wineland, Time measure- 
ment at the millennium, Physics Today 54, 37-42 (2001). 

102 R. Blatt and P. Zoller, Quantum jumps in atomic systems, Eur. 
}. Phys. 9, 250 (1988). 

103 M. Acton, K. A. Brickman, P. C. Haljan, P. J. Lee, L. Deslauriers, 
and C. Monroe, Near-perfect simultaneous measurement of a 
qubit register, Quant. Inf. Comp. 6, 465 (2006). 

104 D. J. Wineland, C. Monroe, W. M. Itano, D. Leibfried, B. E. 
King, and D. M. Meekhof, Experimental issues in coherent 
quantum-state manipulation of trapped atomic ions, /. Res. 
Nat. Inst. Stand. Tech. 103, 259-328 (1998). 

105 rj Wineland and R. Blatt, Entangled states of trapped atomic 
ions, Nature 453, 1008-1014 (2008). 

106 D. Leibfried, R. Blatt, C. Monroe, and D. Wineland, Quantum 
dynamics of single trapped ions, Rev. Mod. Phys. 75, 281-324 
(2003). 

107 J. I. Cirac and P. Zoller, Quantum computation with cold 
trapped ions, Phys. Rev. Lett. 74, 4091-4094 (1995). 

108 C. Monroe, D. M. Meekhof, B. E. King, W. M. Itano, and D. J. 
Wineland, Demonstration of a fundamental quantum logic 
gate, Phys. Rev. Lett. 75, 4714-4717 Dec (1995). 

109 C. Ospelkaus, C. E. Langer, J. M. Amini, K. R. Brown, 
D. Leibfried, and D. J. Wineland, Trapped-ion quantum logic 
gates based on oscillating magnetic fields, Phys. Rev. Lett. 101, 
090502 (2008). 

110 J. J. Garcia-Ripoll, P. Zoller, and J. I. Cirac, Speed optimized 
two-qubit gates with laser coherent control techniques for ion 
trap quantum computing, Phys. Rev. Lett. 91, 157901 (2003). 

111 D. Kielpinski, C. Monroe, and D.J. Wineland, Architecture for 
a large-scale ion-trap quantum computer, Nature 417, 709-711 
(2002). 

112 M. A. Rowe, A. Ben-Kish, B. DeMarco, D. Leibfried, V. Meyer, 
J. Beall, J. Britton, J. Hughes, W. M. Itano, B. Jelenkovic, 
C. Langer, T. Rosenband, and D. J. Wineland, Transport of 
quantum states and separation of ions in a dual rf ion trap, 
Quant. Inf. Comp. 2, 257 (2002). 

113 D. Stick, W. K. Hensinger, S. Olmschenk, M. J. Madsen, 
K. Schwab, and C. Monroe, Ion trap in a semiconductor chip, 
Nat. Phys. 2, 36 (2006). 

114 S. Seidelin, J. Chiaverini, R. Reichle, J. J. Bollinger, D. Leibfried, 
J. Britton, J. H. Wesenberg, R. B. Blakestad, R. J. Epstein, D. B. 
Hume, W. M. Itano, J. D. Jost, C. Langer, R. Ozeri, N. Shiga, 
and D. J. Wineland, Microfabricated surface-electrode ion trap 
for scalable quantum information processing, Physical Review 
Letters 96, 253003 (2006). 

115 W. K. Hensinger, S. Olmschenk, D. Stick, D. Hucul, M. Yeo, 
M. Acton, L. Deslauriers, J. Rabchuk, and C. Monroe, T- 
junction multi-zone ion trap array for two-dimensional ion 
shuttling, storage and manipulation, Appl. Phys. Lett. 88, 
034101 (2006). 

116 R. B. Blakestad, C. Ospelkaus, A. P. VanDevender, J. M. Amini, 
J. Britton, D. Leibfried, and D. J. Wineland, High fidelity trans- 



22 



port of trapped-ion qubits through an X-junction trap array, 
quant-ph/0901.0533v2 (2009). 

117 D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge, D. N. 
Matsukevich, L.-M. Duan, and C. Monroe, Entanglement of 
single-atom quantum bits at a distance, Nature 449, 68 (2007). 

118 S. Olmschenk, D. N. Matsukevich, P. Maunz, D. Hayes, L.-M. 
Duan, and C. Monroe, Quantum teleportation between distant 
matter qubits, Science 323, 486-489 (2009). 

119 L.-M. Duan, B. B. Blinov, D. L. Moehring, and C. Monroe, Scal- 
ing trapped ions for quantum computation with probabilistic 
ion-photon mapping, Quant. Inf. Comp. 4, 165-173 (2004). 

120 L.-M. Duan and R. Raussendorf, Efficient quantum compu- 
tation with probabilistic quantum gates, Phys. Rev. Lett. 95, 
080503 (2005). 

121 O. Morsch and M. Oberthaler, Dynamics of Bose-Einstein con- 
densates in optical lattices, Rev. Mod. Phys. 78, 179 (2006). 

122 M. Greiner, O. Mandel, T. Esslinger, T.W. Hansch, and I. Bloch, 
Quantum phase transition from a superfluid to a Mott insula- 
tor in a gas of ultracold atoms, Nature 415, 39 (2002). 

123 M. Anderlini, P.J. Lee, B.L. Brown, J. Sebby-Strabley, W.D. 
Phillips, and J.V. Porto, Controlled exchange interaction be- 
tween pairs of neutral atoms in an optical lattice, Nature 448, 
452-156 (2007). 

124 D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Cote, and M. D. 
Lukin, Fast quantum gates for neutral atoms, Phys. Rev. Lett. 
85, 2208-2211 (2000). 

125 E. Urban, T. A. Johnson, T. Henage, L. Isenhower, D. D. Yavuz, 
T. G. Walker, and M. Saffman, Observation of Rydberg block- 
ade between two atoms, Nat. Phys. 5, 110-114 (2009). 

126 A. Gaetan, Y. Miroshnychenko, T. Wilk, A. Chotia, M. Viteau, 
D. Comparat, P. Pillet, A. Browaeys, and P. Grangier, Obser- 
vation of collective excitation of two individual atoms in the 
Rydberg blockade regime, Nat. Phys. 5, 115-118 (2009). 

127 E. M. Purcell, H. C. Torrey, and R. V. Pound, Resonance ab- 
sorption by nuclear magnetic moments in a solid, Phys. Rev. 
69, 37-38 (1946). 

128 F. Bloch, Nuclear induction, Phys. Rev. 70, 460-485 (1946). 

129 D. G. Cory, A. F. Fahmy, and T. F. Havel, Ensemble quantum 
computing by NMR-spectroscopy, Proceedings of the National 
Academy of Sciences of the United States of America 94, 1634-1639 

(1997) . 

130 N. A. Gershenfeld and I. L. Chuang, Bulk spin resonance quan- 
tum computation, Science 275, 350-356 (1997). 

131 L. J. Schulman and U. Vazirani, Scalable NMR quantum com- 
putation, In Proceedings of the 31th Annual ACM Symposium on 
the Theory of Computation (STOC) pages 322-329 El Paso, Texas 

(1998) . ACM Press. 

132 L.J. Schulman, T. Mor, and Y. Weinstein, Physical limits of heat- 
bath algorithmic cooling, Phys. Rev. Lett. 94, 120501 (2005). 

133 S. L. Braunstein, C. M. Caves, R. Jozsa, N. Linden, S. Popescu, 
and R. Schack, Separability of very noisy mixed states and 
implications for NMR quantum computing, Phys. Rev. Lett. 83, 
1054-1057 (1999). 

134 C Miquel, JP Paz, M Saraceno, E Knill, R Laflamme, and C Ne- 
grevergne, Interpretation of tomography and spectroscopy as 
dual forms of quantum computation, Nature 418, 59-62 (2002). 

135 Peter W. Shor and Stephen P. Jordan, Estimating Jones poly- 
nomials is a complete problem for one clean qubit, Quantum 
Information & Computation 8, 681-714 (2008). 

136 jjjyi Fortunato, MA Pravia, N Boulant, G Teklemariam, 
TF Havel, and DG Cory, Design of strongly modulating pulses 
to implement precise effective hamiltonians for quantum infor- 
mation processing, Journal of Chemcial Physics 116, 7599-7606 



(2002) . 

137 N Khaneja, T Reiss, C Kehlet, T Schulte-Herbruggen, and 
SJ Glaser, Optimal control of coupled spin dynamics: design of 
NMR pulse sequences by gradient ascent algorithms, Journal 
of Magnetic Resonance 172, 296-305 FEB (2005). 

138 R. Marx, A. F. Fahmy, J. M. Myers, W. Bermel, and S. J. Glaser, 
Approaching five-bit NMR quantum computing, Phys. Rev. A 
62,012310/1-8 (2000). 

139 E Knill, R Laflamme, R Martinez, and C Negrevergne, Bench- 
marking quantum computers: The five-qubit error correcting 
code, Phys. Rev. Lett. 86, 5811-5814 (2001). 

140 L. M. K. Vandersypen, M. Steffen, G. Breyta, C. S. Yannoni, 
M. H. Sherwood, and I. L. Chuang, Experimental realization 
of Shor's quantum factoring algorithm using nuclear magentic 
resonance, Nature 414, 883-887 (2001). 

141 C. Negrevergne, T. S. Mahesh, C. A. Ryan, M. Ditty, F. Cyr- 
Racine, W. Power, N. Boulant, T. Havel, D. G. Cory, and 
R. Laflamme, Benchmarking quantum control methods on a 
12-qubit system, Phys. Rev. Lett. 96, 170501 (2006). 

142 M. Mehring, J. Mende, and W. Scherer, Entanglement between 
an electron and a nuclear spin \, Phys. Rev. Lett. 90, 153001 Apr 

(2003) . 

143 Michael Mehring and Jens Mende, Spin-bus concept of spin 
quantum computing, Phys. Rev. A 73, 052303 (2006). 

144 D. Loss and D. P. DiVincenzo, Quantum computation with 
quantum dots, Phys. Rev. A 57, 120-126 (1998). 

145 K. Ono, D. G. Austing, Y. Tokura, and S. Tarucha, Current rec- 
tification by pauli exclusion in a weakly coupled double quan- 
tum dot system, Science 297, 1313-1317 (2002). 

146 F. H. L. Koppens, J. A. Folk, J. M. Elzerman, R. Han- 
son, L. H. Willems van Beveren, I. T. Vink, H. P. Tranitz, 
W. Wegscheider, L. P. Kouwenhoven, and L. M. K. Vander- 
sypen, Control and detection of singlet-triplet mixing in a ran- 
dom nuclear field, Science 309, 1346-1350 (2005). 

147 J. M. Elzerman, R. Hanson, L. H. Willems van Beveren, 

B. Witkamp, L. M. K. Vandersypen, and L. P. Kouwenhoven, 
Single-shot read-out of an individual electron spin in a quan- 
tum dot, Nature 430, 431-135 (2004). 

148 A. C. Johnson, J. R. Petta, J. M. Taylor, A. Yacoby, M. D. Lukin, 

C. M. Marcus, M. P. Hanson, and A. C. Gossard, Triplet-singlet 
spin relaxation via nuclei in a double quantum dot, Nature 435, 
925-928 (2005). 

149 F. H. L. Koppens, C. Buizert, K. J. Tielrooij, I. T. Vink, K. C. 
Nowack, T. Meunier, L. P. Kouwenhoven, and L. M. K. Vander- 
sypen, Driven coherent oscillations of a single electron spin in 
a quantum dot, Nature 442, 766-771 (2006). 

150 K. C. Nowack, F. H. L. Koppens, Yu. V. Nazarov, and L. M. K. 
Vandersypen, Coherent control of a single electron spin with 
electric fields, Science 318, 1430-1433 (2007). 

151 F. H. L. Koppens, K. C. Nowack, and L. M. K. Vandersypen, 
Spin echo of a single electron spin in a quantum dot, Phys. Rev. 
Lett. 100, 236802 (2008). 

152 J. Levy, Universal quantum computation with spin-1/2 pairs 
and heisenberg exchange, Phys. Rev. Lett. 89, 147902 (2002). 

153 D. J. Reilly, J. M. Taylor, J. R. Petta, C. M. Marcus, M. P. Han- 
son, and A. C. Gossard, Suppressing spin qubit dephasing by 
nuclear state preparation, Science 321, 817-821 (2008). 

154 B. Herzog and E. L. Hahn, Transient nuclear induction and 
double nuclear resonance in solids, Phys. Rev. 103, 148 (1956). 

155 R. de Sousa and S. Das Sarma, Theory of nuclear-induced spec- 
tral diffusion: Spin decoherence of phosphorus donors in Si 
and GaAs quantum dots, Phys. Rev. B 68, 115322 (2003). 

156 Mark Friesen, Paul Rugheimer, Donald E. Savage, Max G. La- 
gally, Daniel W. van der Weide, Robert Joynt, and Mark A. 



23 



Eriksson, Practical design and simulation of silicon-based 
quantum-dot qubits, Phys. Rev. B 67, 121301 (2003). 

157 M. R. Sakr, H. W. Jiang, E. Yablonovitch, and E. T. Croke, Fab- 
rication and characterization of electrostatic Si/SiGe quantum 
dots with an integrated read-out channel, Applied Physics Let- 
ters 87, 223104 (2005). 

158 Nakul Shaji, C. B. Simmons, Madhu Thalakulam, Levente J. 
Klein, Hua Qin, H. Luo, D. E. Savage, M. G. Lagally, A. J. Rim- 
berg, R. Joynt, M. Friesen, R. H. Blick, S. N. Coppersmith, and 
M. A. Eriksson, Spin blockade and lifetime-enhanced trans- 
port in a few-electron Si/SiGe double quantum dot, Nat. Phys. 
4, 540-544 (2008). 

159 H. W. Liu, T. Fujisawa, H. Inokawa, Y. Ono, A. Fujiwara, and 
Y. Hirayama, A gate-defined silicon quantum dot molecule, 
Appl. Phys. Lett. 92 (2008). 

160 J. Gorman, D. G. Hasko, and D. A. Williams, Charge-qubit 
operation of an isolated double quantum dot, Phys. Rev. Lett. 
95, 090502 (2005). 

161 C. B. Simmons, M. Thalakulam, N. Shaji, L. J. Klein, H. Qin, 
R. H. Blick, D. E. Savage, M. G. Lagally, S. N. Coppersmith, and 
M. A. Eriksson, Single-electron quantum dot in Si/SiGe with 
integrated charge sensing, Appl. Phys. Lett. 91, 213103 (2007). 

162 C. B. Simmons, M. Thalakulam, B. M. Rosemeyer, B. J. Van 
Bael, E. K. Sackmann, D. E. Savage, M. G. Lagally, R. Joynt, 
M. Friesen, S. N. Coppersmith, and M. A. Eriksson, Charge 
sensing and controllable tunnel coupling in a Si/SiGe double 
quantum dot, Nano Lett. 9, 3234-3238 (2009). 

163 T. Szkopek, R O. Boykin, H. Fan, V. P. Roychowdhury 
E. Yablonovitch, G. Simms, M. Gyure, and B. Fong, Thresh- 
old error penalty for fault-tolerant quantum computation with 
nearest neighbor communication, IEEE Trans, on Nanotech. 5, 
42 (2006). 

164 K. M. Svore, B. M. Terhal, and D. P. DiVincenzo, Local fault- 
tolerant quantum computation, Phys. Rev. A 72, 022317 (2005). 

165 R. Raussendorf and J. Harrington, Fault-tolerant quantum 
computation with high threshold in two dimensions, Phys. Rev. 
Lett. 98, 190504 (2007). 

166 J. M. Taylor, H. A. Engel, W. Dur, A. Yacoby C. M. Marcus, 
P. Zoller, and M. D. Lukin, Fault-tolerant architecture for quan- 
tum computation using electrically controlled semiconductor 
spins, Nat. Phys. 1, 177-183 (2005). 

167 R. B. Patel, et ah, Postselective two-photon interference from a 
continuous nonclassical stream of photons emitted by a quan- 
tum dot, Phys. Rev. Lett. 100, 207405 (2008). 

168 C. H. Bennett and G. Brassard, In Proceedings of IEEE Inter- 
national Conference on Computers, Systems and Signal Processing 
pages 175-179 New York (1984). IEEE. 

169 A. Imamoglu, D.D. Awschalom, G. Burkard, D.P. DiVincenzo, 
D. Loss, M. Shermin, and A. Small, Quantum information pro- 
cessing using quantum dot spins and cavity QED, Phys. Rev. 
Lett. 83, 4204 (1999). 

170 M.S. Sherwin, A. Imamoglu, and T. Montroy Quantum com- 
putation with quantum dots and terahertz cavity quantum 
electrodynamics, Phys. Rev. A 60, 3508 (1999). 

171 GD. Sanders, K. W. Kim, and W. C. Holton, Optically driven 
quantum-dot quantum computer, Phys. Rev. A 60, 4146 (1999). 

172 W. Yao, R-B. Liu, and L. J. Sham, Theory of control of the spin- 
photon interface for quantum networks, Phys. Rev. Lett. 95, 
030504 (2005). 

173 J. P. Reithmaier et ah, Nature 432, 197 (2004). 

174 E. Peter, P. Senellart, D. Martrou, A. Lemaitre, J. Hours, J. M. 
Gerard, and J. Bloch, Phys. Rev. Lett. 95, 067401 (2005). 

175 T. Yoshie et ah, Nature 432, 200 (2004). 

176 K. Hennessy et ah, Quantum nature of a strongly coupled sin- 



gle quantum dotcavity system , Nature 445, 896 (2007). 

177 Mete Atatiire, Jan Dreiser, Antonio Badolato, Alexander 
Hogele, Khaled Karrai, and Atac Imamoglu, Quantum-dot 
spin-state preparation with near-unity fidelity, Science 312, 
551-553 (2006). 

178 Brian D. Gerardot, Daniel Brunner, Paul A. Dalgarno, Patrik 
Ohberg, Stefan Seidl, Martin Kroner, Khaled Karrai, Nick G. 
Stoltz, Pierre M. Petroff, and Richard J. Warburton, Optical 
pumping of a single hole spin in a quantum dot, Nature 451, 
441-444 (2008). 

179 J. Berezovsky, M. H. Mikkelsen, O. Gywat, N. G. Stoltz, L. A. 
Coldren, and D. D. Awschalom, Nondestructive optical mea- 
surements of a single electron spin in a quantum dot, Science 
314, 1916-1920 (2006). 

180 M. Atature, J. Dreiser, A. Badolato, and A. Imamoglu, Obser- 
vation of faraday rotation from a single confined spin, Nat. 
Phys. 3, 101-106 (2007). 

181 J. Berezovsky M. H. Mikkelsen, N. G. Stoltz, L. A. Coldren, and 
D. D. Awschalom, Picosecond coherent optical manipulation 
of a single electron spin in a quantum dot, Science 320, 349-352 

(2008) . 

182 I. Fushman, D. Englund, A. Faraon, N. Stoltz, P. Petroff, and 
J. Vuckovic, Controlled phase shifts with a single quantum 
dot, Science 320, 769-772 (2008). 

183 C. Schneider, M. Straufi, T. Siinner, A. Huggenberger, 
D. Wiener, S. Reitzenstein, M. Kamp, S. Hofling, and 
A. Forchel, Lithographic alignment to site-controlled quantum 
dots for device integration, Appl. Phys. Lett. 92, 183101 (2008). 

184 C. Kistner, T. Heindel, C. Schneider, A. Rahimi-Iman, S. Re- 
itzenstein, S. Hofling, and A. Forchel, Demonstration of 
strong coupling via electro-optical tuning in high-quality qd- 
micropillar systems, Opt. Express 16, 15006-15012 (2008). 

185 rj en j s v. Bulaev and Daniel Loss, Spin relaxation and deco- 
herence of holes in quantum dots, Phys. Rev. Lett. 95, 076805 
(2005). 

186 r Warburton, Announced at 2009 APS March Meeting. 

187 B E Kane, A silicon-based nuclear spin quantum computer, 
Nature 393, 133-137 (1998). 

188 M. Cardona and M. L. W. Thewalt, Isotope effects on the op- 
tical spectra of semiconductors, Reviews of Modern Physics 77, 
1173 (2005). 

189 A. Yang, M. Steger, D. Karaiskaj, M. L. W. Thewalt, M. Car- 
dona, K. M. Itoh, H. Riemann, N. V. Abrosimov, M. F. Chur- 
banov, A. V. Gusev, A. D. Bulanov, A. K. Kaliteevskii, O. N. 
Godisov, P. Becker, H.-J. Pohl, J. W. Ager III, and E. E. Haller, 
Optical detection and ionization of donors in specific electronic 
and nuclear spin states, Phys. Rev. Lett. 97, 227401 (2006). 

190 A. Yang, M. Steger, T. Sekiguchi, M. L. W. Thewalt, T. D. Ladd, 
K. M. Itoh, H. Riemann, N. V. Abrosimov, P. Becker, and H. J. 
Pohl, Simultaneous subsecond hyperpolarization of the nu- 
clear and electron spins of phosphorus in silicon by optical 
pumping of exciton transitions, Phys. Rev. Lett. 102, 257401 

(2009) . 

191 G. Feher and E. A. Gere, Polarization of phosphorus nuclei in 
silicon, Phys. Rev. 103, 501-503 (1956). 

192 D. R. McCamey J. van Tol, G. W. Morley, and C. Boehme, Fast 
nuclear spin hyperpolarization of phosphorus in silicon, Phys- 
ical Review Letters 102, 026601 (2009). 

193 R. Vrijen, E. Yablonovitch, K. Wang, H. W. Jiang, A. Balandin, 
V. Roychowdhury, T. Mor, and D. DiVincenzo, Electron- 
spin-resonance transistors for quantum computing in silicon- 
germanium heterostructures, Phys. Rev. A 62, 012306 (2000). 

194 jj). Ladd, J. R. Goldman, F. Yamaguchi, Y. Yamamoto, E. Abe, 
and K.M. Itoh, All-silicon quantum computer, Phys. Rev. Lett. 



24 



89, 17901 (2002). 

195 R. De Sousa, J. D. Delgado, and S. Das Sarma, Silicon quantum 
computation based on magnetic dipolar coupling, Phys. Rev. A 
70,052304(2004). 

196 K-M. C. Fu, T. D. Ladd, C. Santori, and Y. Yamamoto, Optical 
detection of the spin state of a single nucleus in silicon, Phys. 
Rev. Lett. 69, 125306 (2004). 

197 B E Kane, N S McAlpine, A S Dzurak, R G Clark, G J Milburne, 
and H B Sun a H Wiseman, Single-spin measurement us- 
ing single-electron transisitors to probe two-electron systems, 
Phys. Rev. B 61, 2961-2972 (2000). 

198 T. M. Buehler, D. J. Reilly, R. Brenner, A. R. Hamilton, A.S. Dzu- 
rak, and R.G Clark, Correlated charge detection for readout of 
a solid-state quantum computer, Appl. Phys. Lett. 82, 577 (2003). 

199 A. Batra, C. D. Weis, J. Reijonen, A. Persaud, and T. Schenkel, 
Detection of low energy single ion impacts in micron scale 
transistors at room temperature, Appl. Phys. Lett. 91, 193502 
(2007). 

200 J. L. O'Brien, S. R. Schofield, M. Y. Simmons, R. G. Clark, A. S. 
Dzurak, N. J. Curson, B. E. Kane, N. S. McAlpine, M. E. Haw- 
ley, and G. W. Brown, Towards the fabrication of phosphorus 
qubits for a silicon quantum computer, Phys. Rev. B 64, 161401 
(2001). 

201 A. R. Stegner, C. Boehme, H. Huebl, M. Stutzmann, K. Lips, 
and M. S. Brandt, Electrical detection of coherent 31 P spin 
quantum states, Nat. Phys. 2, 835-838 (2006). 

202 M. Xiao, I. Martin, E. Yablonovitch, and H. W. Jiang, Electrical 
detection of the spin resonance of a single electron in a silicon 
field-effect transistor, Nature 430, 435-439 (2004). 

203 A. Gruber, A. Drabenstedt, C. Tietz, L. Fleury J. Wrachtrup, 
and C. von Borczyskowski, Scanning confocal optical mi- 
croscopy and magnetic resonance on single defect centers, Sci- 
ence 276, 2012-2014 (1997). 

204 Eva Rittweger, Kyu Young Han, Scott E. Irvine, Christian 
Eggeling, and Stefan W. Hell, STED microscopy reveals crys- 
tal colour centres with nanometric resolution, Nat. Photonics 3, 
144-147 (2009). 

205 J. Wrachtrup, S. Y. Kilin, and A. R Nizovtsev, Quantum com- 
putation using the 13 C nuclear spins near the single NV defect 
center in diamond, Optics and Spectroscopy 91, 429-437 (2001). 

206 F. Jelezko, T. Gaebel, I. Popa, M. Domhan, A. Gruber, and 
J. Wrachtrup, Observation of coherent oscillation of a single 
nuclear spin and realization of a two-qubit conditional quan- 
tum gate, Phys. Rev. Lett. 93, 130501 (2004). 

207 C. Kurtziefer, S. Mayer, P. Zarda, and H. Weinfurter, Stable 
solid-state source of single photons, Phys. Rev. Lett. 85, 290 
(2000). 

208 J. Harrison, M. J. Sellars, and N. B. Manson, Measurement of 
the optically induced spin polarisation of N-V centres in dia- 
mond, Diamond and Related Materials 15, 586-588 (2006). 

209 M. Howard, J. Twamley, C. Wittmann, T. Gaebel, F. Jelezko, 
and J. Wrachtrup, Quantum process tomography and linblad 
estimation of a solid-state qubit, New journal of Physics 8, 33 
(2006). 

210 R. Hanson, V. V. Dobrovitski, A. E. Feiguin, O. Gywat, and 
D. D. Awschalom, Coherent dynamics of a single spin interact- 
ing with an adjustable spin bath, Science 320, 352-355 (2008). 

211 S. Takahashi, R. Hanson, J. van Tol, M. S. Sherwin, and D. D. 
Awschalom, Quenching spin decoherence in diamond through 
spin bath polarization, Phys. Rev. Lett. 101, 047601 (2008). 

212 T. Gaebel, M. Domhan, I. Popa, C. Wittmann, P. Neumann, 
F. Jelezko, J. R. Rabeau, N. Stavrias, A. D. Greentree, S. Prawer, 
J. Meijer, J. Twamley, P. R. Hemmer, and J. Wrachtrup, Room- 
temperature coherent coupling of single spins in diamond, 



Nat. Phys. 2, 408-113 (2006). 

213 L. Childress, M. V. G. Dutt, J. M. Taylor, A. S. Zibrov, F. Jelezko, 
J. Wrachtrup, P. R. Hemmer, and M. D. Lukin, Coherent dy- 
namics of coupled electron and nuclear spin qubits in dia- 
mond, Science 314, 281-285 (2006). 

214 M. V. G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, 
F. Jelezko, A. S. Zibrov, P. R. Hemmer, and M. D. Lukin, Quan- 
tum register based on individual electronic and nuclear spin 
qubits in diamond, Science 316, 1312-1316 (2007). 

215 C. Santori, Ph. Tamarat, P. Neumann, J. Wrachtrup, D. Fat- 
tal, R. G. Beausoleil, J. Rabeau, P. Olivero, A. D. Greentree, 
S. Prawer, F. Jelezko, and P. Hemmer, Coherent population 
trapping of single spins in diamond under optical excitation, 
Phys. Rev. Lett. 97, 247401 (2006). 

216 Ph. Tamarat, T. Gaebel, J. R. Rabeau, M. Khan, A. D. Green- 
tree, H. Wilson, L. C. L. Hollenberg, S. Prawer, P. Hemmer, 
F. Jelezko, and J. Wrachtrup, Stark shift control of single op- 
tical centers in diamond, Phys. Rev. Lett. 97, 083002 (2006). 

217 Y.-S. Park, A. K. Cook, and H. Wang, Cavity QED with di- 
amond nanocrystals and silica microspheres, Nano Letters 6, 
2075 (2006). 

218 S. Tomljenovic-Hanic, M. J. Steel, C. Martijn de Sterke, and 
J. Salzman, Diamond based photonic crystal microcavities, 
Opt. Express 14, 3556-3562 (2006). 

219 P. Olivero, S. Rubanov, P. Reichart, B.C. Gibson, S.T Hunting- 
ton, J. Rabeau, A.D. Greentree, J. Salzman, D. Moore, D.N. 
Jamieson, and S. Prawer, Ion-beam-assisted lift-off technique 
for three-dimensional micromachining of freestanding single- 
crystal diamond, Advanced Materials 17, 2427 (2005). 

220 J. Meijer, T. Vogel, B. Burchard, I. W. Rangelow, L. Bischoff, 
J. Wrachtrup, M. Domhan, F. Jelezko, W. Schnitzler, S. A. 
Schulz, K. Singer, and F. Schmidt-Kaler, Concept of determin- 
istic single ion doping with sub-nm spatial resolution, Appl. 
Phys. A 83, 321 (2006). 

221 W. Schnitzler, N. M. Linke, R. Fickler, J. Meijer, F. Schmidt- 
Kaler, and K. Singer, Deterministic ultracold ion source tar- 
geting the heisenberg limit, Phys. Rev. Lett. 102, 070501 (2009). 

222 E. Wu, J. R. Rabeau, G. Roger, F. Treussart, H. Zeng, P. Grangier, 
S. Prawer, and J. F. Roch, Room temperature triggered single- 
photon source in the near infrared, New }. Phys. 9, 434 (2007). 

223 J. R. Rabeau, Y. L. Chin, S. Prawer, F. Jelezko, T. Gaebel, and 
J. Wrachtrup, Fabrication of single nickel-nitrogen defects in 
diamond by chemical vapor deposition, Appl. Phys. Lett. 86, 
131926(2005). 

224 Chunlang Wang, Christian Kurtsiefer, Harald Weinfurter, and 
Bernd Burchard, Single photon emission from SiV centres in 
diamond produced by ion implantation, /. Phys. B: At. Mol. 
Opt. Phys. 39, 37-41 (2006). 

225 M. Biittiker, Zero-current persistent potential drop across 
small-capacitance Josephson-junctions, Phys. Rev. B 36, 3548- 
3555 (1987). 

226 A. Shnirman, G. Schon, and Z. Hermon, Quantum manipu- 
lations of small Josephson junctions, Phys. Rev. Lett. 79, 2371- 
2374 (1997). 

227 V. Bouchiat, D. Vion, P. Joyez, D. Esteve, and M. H. Devoret, 
Quantum coherence with a single cooper pair, Physica Scripta 
T76, 165-170 (1998). 

228 Y. Nakamura, Yu. A. Pashkin, and J.S. Tsai, Coherent control of 
macroscopic quantum states in a single-Cooper-pair box, Na- 
ture 398, 786-788 (1999). 

229 D. Vion, A. Aassime, A. Cottet, P. Joyez, H. Pothier, C. Urbina, 
D. Esteve, and M. H. Devoret, Manipulating the quantum state 
of an electrical circuit, Science 296, 886-889 (2002). 

230 A. A. Houck, J. A. Schreier, B. R. Johnson, J. M. Chow, J. Koch, 



25 



J. M. Gambetta, D. I. Schuster, L. Frunzio, M. H. Devoret, S. M. 
Girvin, and R. J. Schoelkopf, Controlling the spontaneous 
emission of a superconducting transmon qubit, Phys. Rev. Lett. 
101, 080502 (2008). 

231 A. J. Leggett, Macroscopic quantum systems and the quantum 
theory of measurement, Prog. Theor. Phys. 69, 80 (1980). 

232 J.E. Mooij et ah, Josephson persistent-current qubit, Science 285, 
1036(1999). 

233 I. Chiorescu, Y. Nakamura, C.J.P.M. Harmans, and J.E. Mooij, 
Coherent quantum dynamics of a superconducting flux qubit, 
Science 299, 1869-1871 (2003). 

234 J.M. Martinis, S. Nam, J. Aumentado, and C. Urbina, Rabi os- 
cillations in a large Josephson-junction qubit, Phys. Rev. Lett. 
89, 117901 (2002). 

235 j Yamamoto, Yu. A. Pashkin, O. Astaflev, Y. Nakamura, and 
J. S. Tsai, Demonstration of conditional gate operation using 
superconducting charge qubits, Nature 425, 941 (2003). 

236 R. McDermott, R. W. Simmonds, M. Steffen, K. B. Cooper, 
K. Cicak, K. D. Osborn, S. Oh, D. P. Pappas, and J. M. Mar- 
tinis, Simultaneous state measurement of coupled Josephson 
phase qubits, Science 307, 1299-1302 (2005). 

237 T. Hime, P. A. Reichardt, B. L. T. Plourde, T. L. Robertson, C- 
E. Wu, A. V. Ustinov, and J. Clarke, Solid-state qubits with 
current-controlled coupling, Science 314, 1427-1429 (2006). 

238 A. O. Niskanen, K. Harrabi, F. Yoshihara, Y. Nakamura, 
S. Lloyd, and J. S. Tsai, Quantum coherent tunable coupling 
of superconducting qubits, Science 316, 723-726 (2007). 

239 S. H. W. van der Ploeg, A. Izmalkov, A. M. van den Brink, 
U. Hiibner, M. Grajcar, E. Il'ichev, H. G. Meyer, and A. M. 
Zagoskin, Controllable coupling of superconducting flux 
qubits, Phys. Rev. Lett. 98, 057004 (2007). 

240 R. Harris, A. J. Berkley, M. W. Johnson, P. Bunyk, S. Govorkov, 
M.C. Thorn, S. Uchaikin, A. B. Wilson, J. Chung, E. Holtham, 
J. D. Biamonte, A.Yu. Smirnov, M.H. S. Amin, and A. Maassen 
van den Brink, Sign- and magnitude-tunable coupler for su- 
perconducting flux qubits, Phys. Rev. Lett. 98, 177001 (2007). 

241 R. Harris, A. J. Berkley, J. Johansson, M. W. Johnson, T. Lanting, 
P. Bunyk, E. Tolkacheva, E. Ladizinsky B. Bumble, A. Fung, 
A. Kaul, A. Kleinsasser, and S. Han, Implementation of a 
quantum annealing algorithm using a superconducting circuit 
(2009), arXiv:0903.3906 

242 A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R. S. Huang, 
J. Majer, S. Kumar, S. M. Girvin, and R. J. Schoelkopf, Strong 
coupling of a single photon to a superconducting qubit using 
circuit quantum electrodynamics, Nature 431, 162-167 (2004). 

243 M. A. Sillanpaa, J. I. Park, and R. W. Simmonds, Coherent 
quantum state storage and transfer between two phase qubits 
via a resonant cavity, Nature 449, 438^42 (2007). 

244 J. Majer, J. M. Chow, J. M. Gambetta, J. Koch, B. R. Johnson, 
J. A. Schreier, L. Frunzio, D. I. Schuster, A. A. Houck, A. Wall- 
raff, A. Blais, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf, 
Coupling superconducting qubits via a cavity bus, Nature 449, 
443^47(2007). 

245 P. J. Leek, S. Filipp, P. Maurer, M. Baur, R. Bianchetti, J. M. Fink, 
M. Goppl, L. Steffen, and A. Wallraff, Using sideband tran- 
sitions for two-qubit operations in superconducting circuits 
(2008), |arXiv:0812.2678| 

246 I. Chiorescu, P. Bertet, K. Semba, Y. Nakamura, C. J. P. M. Har- 
mans, and J. E. Mooij, Coherent dynamics of a flux qubit cou- 
pled to a harmonic oscillator, Nature 431, 159-162 (2004). 

247 J. Johansson, S. Saito, T. Meno, H. Nakano, M. Ueda, K. Semba, 
and H. Takayanagi, Vacuum rabi oscillations in a macroscopic 
superconducting qubit LC oscillator system, Phys. Rev. Lett. 96, 
127006 (2006). 



248 D. I. Schuster, A. A. Houck, J. A. Schreier, A. Wallraff, J. M. 
Gambetta, A. Blais, L. Frunzio, J. Majer, B. Johnson, M. H. De- 
voret, S. M. Girvin, and R. J. Schoelkopf, Resolving photon 
number states in a superconducting circuit, Nature 445, 515- 
518 (2007). 

249 A. A. Houck, D. I. Schuster, J. M. Gambetta, J. A. Schreier, B. R. 
Johnson, J. M. Chow, L. Frunzio, J. Majer, M. H. Devoret, S. M. 
Girvin, and R. J. Schoelkopf, Generating single microwave 
photons in a circuit, Nature 449, 328-331 (2007). 

250 O. Astafiev, K. Inomata, A. O. Niskanen, T. Yamamoto, Yu A. 
Pashkin, Y. Nakamura, and J. S. Tsai, Single artificial-atom las- 
ing, Nature 449, 588-590 (2007). 

251 J. M. Fink, M. Goppl, M. Baur, R. Bianchetti, P. J. Leek, A. Blais, 
and A. Wallraff, Climbing the Jaynes-Cummings ladder and 
observing its nonlinearity in a cavity QED system, Nature 454, 
315-318(2008). 

252 M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak, 
E. Lucero, M. Neeley A. D. O'Connell, H. Wang, J. M. Mar- 
tinis, and A. N. Cleland, Generation of fock states in a super- 
conducting quantum circuit, Nature 454, 310-314 (2008). 

253 M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E. Lucero, 
M. Neeley, A. D. O'Connell, D. Sank, J. Wenner, J. M. Martinis, 
and A. N. Cleland, Synthesising arbitrary quantum states in a 
superconducting resonator, Nature (2009), submitted. 

254 A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, J. Majer, M. H. 
Devoret, S. M. Girvin, and R. J. Schoelkopf, Approaching unit 
visibility for control of a superconducting qubit with disper- 
sive readout, Phys. Rev. Lett. 95, 060501 (2005). 

255 I. Siddiqi, R. Vijay, M. Metcalfe, E. Boaknin, L. Frunzio, R. J. 
Schoelkopf, and M. H. Devoret, Dispersive measurements of 
superconducting qubit coherence with a fast latching readout, 
Phys. Rev. B 73, 054510 (2006). 

256 A. Lupa§cu, S. Saito, T. Picot, P. C. de Groot, C. J. P. M. Har- 
mans, and J. E. Mooij, Quantum non-demolition measurement 
of a superconducting two-level system, Nat. Phys. 3, 119-125 
(2007). 

257 I. Siddiqi, R. Vijay, F. Pierre, C. M. Wilson, M. Metcalfe, 
C. Rigetti, L. Frunzio, and M. H. Devoret, RF-driven Joseph- 
son bifurcation amplifier for quantum measurement, Phys. Rev. 
Lett. 93, 207002 (2004). 

258 M. A. Castellanos-Beltran, K. D. Irwin, G. C. Hilton, L. R. Vale, 
and K. W. Lehnert, Nat. Phys. 4, 928-931 (2008). 

259 S. O. Valenzuela, W. D. Oliver, D. M. Berns, K. K. Berggren, 
L. S. Levitov, and T. P. Orlando, Microwave-induced cooling 
of a superconducting qubit, Science 314, 1589-1592 (2006). 

260 M. Grajcar, S. H. W. van der Ploeg, A. Izmalkov, E. Il'ichev, H- 
G. Meyer, A. Fedorov, A. Shnirman, and G. Schon, Nat. Phys. 
4, 612 (2008). 

261 J. M. Martinis, K. B. Cooper, R. McDermott, M. Steffen, M. Ans- 
mann, K. D. Osborn, K. Cicak, S. Oh, D. P. Pappas, R.W. Sim- 
monds, and C. C. Yu, Decoherence in Josephson qubits from 
dielectric loss, Phys. Rev. Lett. 95, 210503 (2005). 

262 S. Sendelbach, D. Hover, A. Kittel, M. Muck, J. M. Martinis, 
and R. McDermott, Magnetism in SQuIDs at millikelvin tem- 
peratures, Phys. Rev. Lett. 100, 227006 (2008). 

263 D. DeMille, Quantum computation with trapped polar 
molecules, Phys. Rev. Lett. 88, 67901 (2002). 

264 A. Micheli, G. K. Brennen, and P. Zoller, A toolbox for lattice- 
spin models with polar molecules, Nat. Phys. 2, 341 (2006). 

265 K. Sanaka, A. Pawlis, T. D. Ladd, K. Lischka, and Y. Yamamoto, 
Indistinguishable photons from independent semiconductor 
nanostructures, Phys. Rev. Lett. 103, 053601 (2009). 

266 J. J. Longdell and M. J. Sellars, Experimental demonstration 
of quantum-state tomography and qubit-qubit interactions for 



26 



rare-earth-metal-ion-based solid-state qubits, Phys. Rev. A 69 
(2004). 

267 L. Rippe, B. Julsgaard, A. Walther, Y. Ying, and S. Kroll, Experi- 
mental quantum-state tomography of a solid-state qubit, Phys. 
Rev. A 77, 022307 (2008). 

268 H. de Riedmatten, M. Afzelius, M. U. Staudt, C. Simon, and 
N. Gisin, A solid-state light-matter interface at the single- 
photon level, Nature 456, 773-777 (2008). 

269 M. Nilsson and S. Kroll, Solid state quantum memory using 
complete absorption and re-emission of photons by tailored 
and externally controlled inhomogeneous absorption profiles, 
Optics Communications 247, 393-403 (2005). 

270 N. Gisin, S. A. Moiseev, and C. Simon, Storage and retrieval of 
time-bin qubits with photon-echo-based quantum memories, 
Phys. Rev. A 76 (2007). 

271 J. J. Longdell, E. Fraval, M. J. Sellars, and N. B. Manson, 
Stopped light with storage times greater than one second us- 
ing electromagnetically induced transparency in a solid, Phys. 
Rev. Lett. 95 (2005). 

272 Wolfgang Harneit, Fullerene-based electron-spin quantum 
computer, Physical Review A 65, 032322 (2002). 

273 John J. L. Morton, Alexei M. Tyryshkin, Arzhang Ardavan, Si- 
mon C. Benjamin, Kyriakos Porfyrakis, S. A. Lyon, and G. An- 
drew D. Briggs, Bang-bang control of fullerene qubits using 
ultrafast phase gates, Nat. Phys. 2, 40-43 (2006). 

274 N. Mason, M. J. Biercuk, and C. M. Marcus, Local gate control 
of a carbon nanotube double quantum dot, Science 303, 655- 
658 (2004). 

275 B. Trauzettel, D. V. Bulaev, D. Loss, and G. Burkard, Spin qubits 
in graphene quantum dots, Nat. Phys. 3, 192-196 (2007). 

276 P.M. Platzman and M. I. Dykman, Quantum computing with 
electrons floating on liquid helium, Science 284, 1967-1969 
(1999). 

277 M. N. Leuenberger and D. Loss, Quantum computing in 
molecular magnets, Nature 410, 789-793 (2001). 

278 L. Tian, P. Rabl, R. Blatt, and P. Zoller, Interfacing quantum- 
optical and solid-state qubits, Phys. Rev. Lett. 92, 247902 (2004). 

279 A. Andre, D. Demille, J. M. Doyle, M. D. Lukin, S. E. Maxwell, 
P. Rabl, R. J. Schoelkopf, and P. Zoller, A coherent all-electrical 
interface between polar molecules and mesoscopic supercon- 



ducting resonators, Nat. Phys. 2, 636-642 (2006). 

280 P. Recher, E. V. Sukhorukov, and D. Loss, Andreev tunneling, 
Coulomb blockade, and resonant transport of nonlocal spin- 
entangled electrons, Phys. Rev. B 63, 165314 (2001). 

281 y Privman, I. D. Vagner, and G. Kventsel, Quantum com- 
putation in quantum-Hall systems, Phys. Lett. A 239, 141-146 
(1998). 

282 V. N. Smelyanskiy A. G. Petukhov, and V. V. Osipov, Quantum 
computing on long-lived donor states of Li in Si, Phys. Rev. B 
72, 081304 (2005). 

283 L. Tian and P. Zoller, Coupled ion-nanomechanical systems, 
Phys. Rev. Lett. 93, 266403 (2004). 

284 C. Piermarocchi, P. Chen, L. J. Sham, and D. G. Steel, Op- 
tical RKKY interaction between charged semiconductor quan- 
tum dots, Phys. Rev. Lett. 89, 167402 (2002). 

285 G. F. Quinteiro, J. Fernandez-Rossier, and C. Piermarocchi, 
Long-range spin-qubit interaction mediated by microcavity 
polaritons, Phys. Rev. Lett. 97, 097401 (2006). 

286 A. Khitun, R. Ostroumov, and K. L. Wang, Spin-wave utiliza- 
tion in a quantum computer, Phys. Rev. A 64, 062304 (2001). 

287 C. H. W. Barnes, J. M. Shilton, and A. M. Robinson, Quan- 
tum computation using electrons trapped by surface acoustic 
waves, Phys. Rev. B 62, 8410 (2000). 

288 D. E. Chang, A. S. Sorensen, P. R. Hemmer, and M. D. Lukin, 
Quantum optics with surface plasmons, Phys. Rev. Lett. 97, 
053002 (2006). 

289 J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M. Taylor, 
R Cappellaro, L. Jiang, M. V. G. Dutt, E. Togan, A. S. Zibrov, 
A. Yacoby, R. L. Walsworth, and M. D. Lukin, Nanoscale mag- 
netic sensing with an individual electronic spin in diamond, 
Nature 455, 644 (2008). 

290 G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud, 
J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger, 
T. Hanke, A. Leitenstorfer, R. Bratschitsch, F. Jelezko, and 
J. Wrachtrup, Nanoscale imaging magnetometry with dia- 
mond spins under ambient conditions, Nature 455, 648 (2008). 

291 C. Nayak, S. H. Simon, A. Stern, M. Freedman, and 
S. Das Sarma, Non-abelian anyons and topological quantum 
computation, Rev. Mod. Phys. 80, 1083-1159 (2008). 



